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1.0  IMTRODUCTION 

The  development  of  pressure  vessels  for  use  in  solid  fuel  motor  cases 
had  reached  a  state  in  i960  wherein  further  progress  was  restricted 
by  the  lack  of  suitable  high  strength  materials  and  limitations  in 
methods  of  fabric€^,tion.  Though  the  potentially  high  strength-to-weight 
ratio  of  fiber  reinforced  cases  was  recognized,  the  use  of  metallic 
cases  offered  certain  advantages  peculiar  to  metals  alone.  The  appli¬ 
cation  of  metal  x^ire  or  tape  reinforcement  in  pressure  vessels  dates 
back  at  least  a  century.  High  tensile  steel  vrire  has  been  used  as 
the  banding  material  on  certain  rifles  and  gims,  as  xtoII  as  on  other 
hollow  bodies.  With  the  possible  exception  of  one  recent  investigation, 
no  attempt  ha.s  been  made  to  utilize  the  transverse  strength  of  x^rire 
or  tape  to  support  the  axial  stress  in  cj'-llndrlcal  pressure  vessels. 
Previously  vessels  had  been  reinforced  with  wound  profile  strip  X'jhich 
was  shrxxnlc  onto  the  vessel  (while  the  strip  was  slmixltaneously  qvxench- 
ed  to  high  strength),  putting  the  cylindrical  portion  of  the  vessel 
into  compression,  Though  the  tape  was  contoured  and  interlocked,  it 
does  not  appear  to  support  any  of  the  axial  load,  The  Curtiss-VIright 
proposed  method  provided  a  means  x«jhereby  the  transverse  strength  of 
severely  cold  reduced  tape  was  utilized.  The  method  simultaneously 
facilitated  application  of  ultra  high  strength  materials  which  might 
otherwise  be  difficult  or  impossible  to  use. 

The  interlocking  Titanium  concept  x*ras  an  outgrox'rth  of  relatively 
recent  work  carried  out  by  the  Wright  Aeronautical  Division  of  the 
Curtis s-Wrlght  Corporation  on  the  development  of  the  high  strength 
Titanium  alloy  B120VCA.  In  sheet  form,  this  alloy  is  heat  treatable 
to  a  yield  strength  of  180,000  psi,  viith  a  str eng th-to-X'f eight  ratio 
higher  than  that  of  the  best  ferrous  materials  used  in  rocket  motor 
casings.  Unfortunately,  this  alloy  is  difficult  to  weld  and  even  a 
successful  weld  cannot  be  heat  treated  to  maximum  strength  because  the 
aging  response  of  base  material  and  x-jeldment  differ  considerably.  It 
was  observed  that  this  alloy,  similar  to  most  precipitation  hardened 
alloys,  benefits  considerably  as  a  result  of  severe  cold  vjork  prior  to 
aging.  In  this  manner,  the  strength  of  B120VCA  was  increased  to 
300,000  psi,  a  strength  X'Thlch  if  fully  utilized  in  a  pressur’e  vessel 
X'jould  result  in  a  strength-to-denslty  ratio  of  about  1.7  x  10^. 

The  ob^Jectlve  of  the  subject  contract  consisted  of  developing  the 
fabrication,  tooling,  and  metallurgical  procedxAres  for  the  fabrica¬ 
tion  of  sub-scale  pressure  vessels  utilizing  the  Interlocking  tape 
snapped  method  of  construction  for  attaining  high  strength-to-density 
ratios. 
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1.0  INTRODUCTION  (Continued) 

The  Curtlss-Wrlght  Corporation  wishes  to  acknowledge  financial  support 
of  the  U.  S.  Army  through  the  Ordnance  Materials  Research  Office.  The 
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2,0  SUMMARY 
2.1  Phase  I 

During  the  Phase  I  contract,  the  Wright  Aeronautical  Division  of 
Curtiss-Wrlght  Corporation  pursued  the  work  program  aimed  at  demon- 
stratingjjbhe  feasibility  of  fabricating  interlocked  Titanium  wo\md 
pressure  vessels  from  the  material  and  experimental  manufacturing^ 
standpoint  utilizing  an  original  design  concept .  *ni!Ei''“pFdgraiOJas 
directed  toward  the  fabrication  of  6”  diameter  hydrotest  vessels. 

The  original  design  consisted  of  three  layers  of  spirally  wound  con¬ 
toured  Titanium  tape  which  interlocked  The  tape  was 

wound  on  end  adapters  into  which  pistons  could  be  inserted  so  that 
the  cylinder  could  be  pressurized  .  The  three  layer 

structure  consisted  of  an  I-beam  shaped  tape  separating  two  layers  of 
channel  shaped  tape.  The  interlock  was  obtained  by  Inserting  the 
butted  legs  of  the  adjacent  winds  of  the  channel  shaped  tape  into  the 
I-beam  shaped  tape  with  an  interference  fit.  The  wires  maintained 
the  interlock  through  designing  the  tangent  of  the  angle  on  the  wires 
to  be  less  than  the  coefficient  of  friction  for  B120VCA  TltaniumJ 

The  stresses  present  in  a  cylindrical  pressure  vessel  are  two  times 
as  great  in  the  hoop  direction  as  they  are  in  the  axial  direction. 

By  using  the  interlocking  tape  concept,  a  portion  of  the  material 
stressed  in  the  axial  direction  is  eliminated  so  that  the  remaining 
material  is  stressed  to  the  same  degree  as  the  material  in  the  hoop 
direction.  This  type  of  design  predicts  cylindrical  vessels  with 
efficiencies  approaching  that  of  spherical  methods  of  construction. 

The  design  includes  an  end  adapter  which  xijas  successively  stepped 
for  the  three  (3)  layers  of  tape  and  provides  for  pinning  or  staking 
of  each  wire  to  the  adapter  to  prevent  unwinding  (Figure  3).  In 
addition,  a  coating  was  provided  for  the  internal  surface  so  that  the 
vessel  could  be  pressurized  without  seapage  into  the  windings.  The 
projected  weight  savings  of  the  cylindrical  portion  as  compared  to  a 
solid  wall  steel  vessel  of  200,000  psi  uniaxial  yield  strength,  was 
SOfo  (Figure  4). 

The  original  wire  design  was  fabricated  from  round  wire  through  the 
use  of  a  Turks  Head  mill  (Figure  5)-  Satisfactory  shapes  of  both 
the  channel  and  I-beara  were  fabricated  in  100  ft.  lengths.  The  ex- 
teimal  tape  dimensions  were  obtained  by  micrometer  measurements. 
However,  the  Internal  dimensions  required  destructive  ana.lysiB. 

This  limited  the  internal  inspections  to  the  start  and  finish  of  each 
100  ft.  length.  The  internal  dimensions  were  obtained  by  sectioning 
the  wire  and  projecting  it  at  $0  magnifications  (Figure  6). 
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2 . 1  Phase  I  ( Continued ) 

The  heat  treatments  for  both  the  channel  and  I-beam  tapes  were  op¬ 
timized  to  produce  a  minimum  250,000  psi  yield  strength  (Figure  7,  8, 
and  9).  In  addition,  the  mechanical  property  in  both  the  smooth  and 
notched  condition  was  established  for  ten5)eratures  as  lox^r  as  -320°P 
(Figure  10).  The  coefficient  of  friction  of  B120VCA  Titanium  was 
established  experimentally  as  between  .270  and  .348. 

Twisting  and  bowing  of  the  tapes  after  the  final  Turks  Heading  opera¬ 
tion  was  foimd  to  cause  difficulty  during  subsequent  wrapping.  This 
difficulty  was  eliminated  through  the  use  of  specially  designed  spools 
onto  which  the  tape  was  wrapped  and  subsequently  vacuum  heat  treated. 
Materials  for  the  vessel  liner  were  evaluated,  and  a  vinyl  coating  was 
selected  as  being  the  optimum  from  the  standpoint  of  adherence,  re¬ 
sistance  to  cracking  or  flaking,  and  adeqiaate  ductility  with  low 
modulus 

The  fabrication  equipment  for  the  sub-scale  vessels  was  accomplished 
through  the  conversion  of  a  lathe  (Figure  li).  The  wrapping  apparatus 
consisted  of  a  collapsible  mandrel  (Figure  12)  onto  which  the  three 
layers  of  tape  are  vrovind.  The  interlocking  of  the  wires  during 
assembly  was  accomplished  by  three  equally  spaced  pneumatically  load¬ 
ed  rollers  capable  of  applying  a  radial  force  of  2500  lbs.  on  the  tape 
(Figure  13)  The  helix  of  the  wrap  was  obtained  through  the  use  of 
gage  blocks  and  sine  bar  devices  raoimted  at  the  end  of  the  mandrel 
shaft.  A  spring  loaded  guide  pushed  the  tape  axially  at  the  point  of 
tangency  with  the  mandrel  to  inswe  that  adjacent  wraps  were  butted. 

Two  6"  diameter  pressure  vessels  were  fabricated  using  the  tape, 
tooling,  and  fabrication  method  developed  in  Phase  I  (Figure  14). 

The  wrapping  of  the  first  vessel  revealed  that  the  maximum  radial 
force  of  2500  lbs.  was  sufficient  to  plastically  deform  the  tape.  The 
second  layer  was  removed  and,  using  new  tape,  rewound  under  a  radial 
force  of  1350  lbs.  which  was  found  to  be  satisfactory.  The  third 
layer  of  tape  was  applied  using  a  force  of  approximately  1300  lbs. 

The  vessel  was  successfully  wrapped  in  all  areas  except  the  adapter 
to  mandrel  transition,  where  a  step  occurred.  After  extraction  of  the 
collapsible  mandrel,  the  profile  of  the  tape  showed  a  saw  tooth  effect 
indicating  the  interlock  had  been  partially  disengaged  as  a  result  of 
the  removal  of  the  mandrel. 

The  second  vessel  was  iccapped  in  a  similar  manner  as  the  first  vessel 
with  minor  corrections  to  the  tooling  and  modifications  to  the  radially 
applied  assembly  loading.  After  con^letion  of  the  wrapping,  the  col¬ 
lapsible  arbor  was  removed  with  little  difficulty.  The  vessel  diameter 
was  approximately  0.020"  smaller  at  the  center  than  at  the  adapter  ends. 
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2-1  Phase  I  (Continued) 

The  outer  diameter  remained  smooth  but  the  inner  surface  was  slightly 
saw  toothed  in  a  manner  similar  to  vessel  No.  1. 

The  vessel  was  assembled  with  plstor^  and  pressurized.  The  vessel 
leaked  at  30  psi  as  a  result  of  a  separation  of  the  tape  at  the 
cylinder- to-adapter  interface.  This  area  was  repaired  with  the  use 
of  an  inner  and  outer  molded  shell  in  order  to  re-hydrotest.  The 
second  hydrotest  resulted  in  separation  of  the  tape  in  the  cylindrical 
section  remote  from  the  end  adapters.  Prom  the  examination  of  the 
vessel,  it  was  concluded  that  the  Interlock  was  Insufficient  to  pre¬ 
vent  the  tapes  from  disengaging  during  hydrotesting. 

2.2  Phase  II 


Analysis  of  the  failed  vessels  from  Phase  I  indicated  that  additional 
surface  contact  ivas  required  between  the  I-beam  and  channels  to  in¬ 
sure  interlock.  The  redesign  consisted  of  increasing  the  height  of 
the  I-beam  and  channel  legs  to  ti-rice  their  original  value  (Figure  15). 
In  addition  to  the  redesign,  several  other  areas  of  investigation 
appeared  to  be  required.  These  other  areas  to  be  investigated  in¬ 
cluded  a  continuous  method  for  the  inspection  of  the  wire  to  insure 
\miform  quality.  Alternate  designs  were  also  considered  to  insure  the 
interlock  of  the  tapes.  The  effect  of  these  alternate  designs  on  the 
structure  strength  and  i\reight  vjere  to  be  investigated  through  the  use 
of  structural  and  Interference  rigs.  Since  the  design  concept  is 
based  on  the  coefficient  of  friction  of  Titanium,  which  establishes 
the  angles  on  the  tape  legs,  further  work  on  the  effect  of  surface 
finish,  surface  contamination,  and  load  on  coefficient  of  friction 
x^as  performed.  Theoretical  analyses  xvere  also  rxm  to  establish  the 
effect  of  the  curvature  of  the  viire  over  the  6  inch  mandrel  on  the 
dimensions  of  the  xiire. 

The  Inspection  procedures  investigated  in  Phase  I  x-rere  reviev^ed  with 
respect  to  the  most  feasible  methods  of  continuously  inspecting  the 
X'j’ires.  The  air  gage  method  or  optical  comparator  method  appeared  to 
be  the  most  practical.  The  optical  comparator  method  was  developed 
through  the  use  of  a  special  light  source  and  special  tooling  to 
provid.e  a  continuous  inspection  method  at  62-g  maghifi cations  X'jith  the 
use  of  comparator  charts  (Pigixre  l6).  The  process  resulted  in  ex¬ 
cellent  results  for  the  internal  dimensions  of  the  tape  and  in  com¬ 
bination  X'jlth  the  micrometer  method  developed  in  Phase  I,  provided  the 
required  continuous  inspection  method  for  the  tapes. 

Numerous  alternate  designs  vrere  investigated  for  Increasing  the  re¬ 
liability  of  the  Interlock  of  the  ta,pe  construction.  These  designs 
included  xTelding,  brazing,  adhesives,  explosive  forming,  soft  metal 
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2 • 2  Phase  II  ( Continued ) 

shims,  and  present  design  with  increased  tolerance  and  d.ecreased 
angles  (Figure  17).  The  decreased  angles  on  the  tape  legs  and  the 
use  of  a  shim  between  the  channels  appeared  to  be  the  most  feasible, 
and  these  alternates  were  Includeci  in  a  10  times  size  interference 
rig  evaluation. 

As  previously  noted,  the  resvilts  of  the  analysis  of  the  sub-scale 
vessels  indicated  that  additional  interlock  was  necessary  between 
the  layers  of  tape.  It  was  also  felt  that  the  disengagement  of  the 
x^rires  could  have  been  attributed  to  a  loi'rer  coefficient  of  friction 
than  established  during  Phase  I.  Rig  testing  of  actual  tapes  with 
various  surface  finishes  and  degrees  of  surface  contamination  under 
varying  loads  was  performed  during  Phase  II,  These  tests  showed  that 
increasing  loads  decreased  the  coefficient  of  friction  and  that  sma.ll 
amoLints  of  surface  contamination  reduced  the  coefficient  of  friction 
below  the  required  value  based  on  the  origln^al  design  (Figure  18). 

It  was  also  established  that,  X'Then  the  coefficient  of  friction  was 
greater  than  the  desired  magnitude  (tb^t  established  during  Phase  I), 
the  xvlres  actually  welded  together,  The  results  of  this  analysis 
X'jere  incorporated  into  the  interference  rig  by  the  use  of  vapor  blast¬ 
ing  to  prepare  the  surfaces  and  through  the  decreased  angle  test.  It 
should  be  noted  that  a  lox'jer  coefficient  of  friction  reduces  the  angle 
on  the  tape  legs  and  makes  the  tolerances  more  critical  and  smaller. 

The  interference  rig  consisted  of  tvjo,  10  times  size  channels  and  half 
of  an  I-beam.  Interference  could  be  varied  through  the  use  of  bolts 
and  load  cell  xjashers  in  the  I-beam  portion  of  the  rig  (Figure  19). 

The  rig  utilized  the  original  12^  angle  on  the  legs  and  the  I’edesigned 
txvlce  height  legs.  The  test  shox'jed  that  interlocking  X'jas  not  accom¬ 
plished  until,  the  mating  surfaces  picked  up  and  galled.  Even  though 
the  contact  stxrfaces  xvere  increased  by  the  redesign,  the  failures 
were  similar  to  those  experienced  during  the  testing  of  the  vessels 
in  Phase  I. 

The  analysis  of  the  failed  rig  indicated  that  the  coefficient  of 
friction  betvreen  Titanium  and  Titanium  v^as  less  than  the  design  values 
of  .3  to  .5  assumed  and  experimentally  determined.  Since  the  required 
coefficient  of  friction  must  be  greater  than  .213  vrhich  is  the  tangent 
of  the  12°  angle,  it  X'/as  felt  that  surface  contamination  such  an 
oxidation,  slight  misalignment,  or  a  decrease  in  the  coefficient  of 
friction  due  to  an  Increane  in  load  x\rere  the  factors  affecting  the 
performance  of  the  rig. 

Other  programis  v;ere  undertaken  in  conjixnction  X'Jlth  the  redesigned  xrire. 
These  programs  Included  methods  of  fabrication,  the  ductility  of 
Titanium  tape  and  the  Titanium  sheet  metal  x^rhich  X'rox;.ld  be  used  in  the 
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2 • 2  Phase  II  ( Continued ) 

10  times  size  rigs,  and  the  effect  of  the  ^Trapping  on  a  6"  diameter 
on  the  dimensions  of  the  wires. 

Attempts  to  fabricate  the  increased  height  leg  channel  and  I-beam 
wires  by  the  process  developed  during  Phase  I  proved  unsuccessful. 

The  inside  surfaces  of  the  legs  were  incompletely  filled  due  to  in¬ 
sufficient  material  (Figure  20).  Various  modifications  to  the  roller 
design  were  attempted  but  proved  unsuccessful  due  to  the  pulling  down 
of  material  at  the  internal  surfaces  during  the  rolling  operation. 

The  solution  appeared  to  be  to  form  the  legs  during  early  rolling 
passes  to  a  height  greater  than  the  finished  dimension,  and  then  in 
the  final  pass  collect  the  metal  in  order  to  fill  the  leg  cavity. 

This  method  was  attempted  but  proved  unsatisfactory  due  to  excessive 
loads  on  the  tcaigue  of  the  rollers.  Hard  rollers  failed  by  shearing 
of  the  comers  of  the  roll  tongues,  and  the  softer  rollers  failed  by 
flowing  of  the  material  in  the  same  area. 

Alternate  methods  of  fabrication  were  investigated.  These  methods  in¬ 
cluded  the  Turks  Heading  operation  for  performing  the  shape  and  ob¬ 
taining  the  final  dimension  through  die  drawing.  Other  methods  in¬ 
vestigated  included  alternate  methods  of  rolling,  drawing,  machining, 
and  chemical  milling. 

The  use  of  dies  proved  unsuccessful  due  to  insufficient  die  life 
because  of  the  lack  of  a  suitable  lubricant  for  the  B120VCA  material. 
The  chemical  milling  and  machining  procedures  would  not  produce  the 
required  tolerances.  An  experimental  rolling  of  the  redesigned  wires 
proved  successful  in  that  the  experiments  showed  that  the  required 
dimensions  and  tolerances  could  be  obtained.  Fixed  priced  orders 
were  placed  for  quantities  of  tape  sufficient  to  fabricate  sub-scale 
vessels.  However,  these  orders  were  terminated  due  to  insufficient 
time  to  complete  by  the  end  of  the  contract  and  the  results  of  the 
rig  tests  which  indicated  f\Arther  redesign. 

Metallurgical  investigations  v/ere  imdertaken  to  establish  the  duct¬ 
ility  of  the  Titanium  material  in  both  the  tape  and  sheet  metal  forms 
for  both  the  heat  treated  and  annealed  condition  (Figure  21).  This 
testing  was  required  in  order  to  establish  the  feasibility  of  in¬ 
creasing  the  tolerances  for  the  Interference  fit  of  the  channel  and 
I-beam  tapes  and  to  establish  whether  the  interference  rig  woTild  have 
sufficient  ductility.  Samples  of  cold  rolled  rectangular  tape  and 
sheet  material  were  fabricated  with  machined  simulated  wire  shapes. 

The  dimensions  were  equal  to  the  actual  wires  and  to  10  times  size, 
simulating  the  Interference  rig.  The  resiilts  of  these  tests  shov? 
that  the  material  has  adequate  ductility  for  the  fabrication  of  vessels 
and  the  evaluation  of  the  Interference  and  effect  of  interlocking  in 
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2 • 2  Phase  II  ( Continued ) 

the  10  time  size  rig.  Additional  tests  vjere  run  in  both  the  smooth 
and  the  notched  condition  to  establish  the  strength  and  notch  sensi¬ 
tivity  of  the  ma.terial. 

Tvjo  significant  results  V7ere  obtained  from  the  material  tests.  The 
notched  to  smooth  ratio  of  one  vias  obtained  at  approximately  170,000 
psi  tensile  strength  (Figure  22).  At  strengths  greater  than  this, 
the  material  became  notch  sensitive  no  a  degree  directly  proportional 
to  the  increase  in  the  ultimate  tensile  strength.  Vacuum,  annealing 
was  used  on  one  series  of  smooth  tensile  specimens  fabricated  from 
the  cold  vjorked  wire.  The  maxim.urn  room  temperature  strength  was 
obtained  x-jith  an  air  anneal  at  700°F  (Figure  23).  As  the  annealing 
pressure  was  decreased  to  a  vacuum  of  10""°  Torr,  the  ultimate  tensile 
strength  decreased.  The  results  indicated  that  the  strengthening  of 
the  cold  irork  tape  x^ras  due  to  absorbed  Interstitial  gases  such  as 
oxygen,  nitrogen,  or  hydrogen.  The  anneal  at  low  pressures,  outgasses 
the  material  thereby  eliminating  the  strengthening  effect  of  the  in¬ 
terstitials.  As  the  result  of  material  testing,  it  vjas  evident  that 
the  full  strength  of  the  cold  x^^orked  B120VCA  Titanlxmn  could  not  be 
used  in  the  tape  X'jrapped  construction  due  to  notch  sensitivity  I'rhich 
would  cause  premature  failure  due  to  the  stress  raising  effect  of  the 
small  interns,!  radii. 

The  effect  of  the  X'rrapplng  curvature  on  the  dimensions  of  the  V7lre 
during  assembly  of  sub-soale  vessels  and  d.urlng  inspection  were 
theoretically  analyzed.  The  changes  in  the  dimensions  of  the  tapes 
XTere  found  to  be  significant  for  6  inch  diameter  curvatures  (Table  1). 
The  X'Tire  shape  used  for  sub-sca.le  vessels  vras  changed  to  compensate 
for  the  distortion,  Hovrever,  in  diameters  greater  than  12  Inches, 
such  as  contem.plated  for  full  size  hardware,  the  distortion  is  insig¬ 
nificant  and  compensation  need  not  be  made. 


The  ten  times  size  structixral  rigs  v/ere  fabricated  from  B120VCA 
TitanlxAm  plate.  These  rigs  were  designed  to  establish  the  effect  of 
the  various  designs  and  alternate  designs  on  the  assembly  and  per- 
forrmmce  (Figure  24).  The  rigs  XTOre  instrx,xmented  vjlth  both  strain 
gages  and  photostress  plastic.  The  anmxlyses  of  the  rigs  'With  the 
minimum  interference  of  .  012”  and  X'Jlth  12°  angles  shox^red  that  the 
stress  concentration  of  the  interna,!  radii  of  the  I-beam  exceeded  the 
tensile  strength  of  the  fullj/-  heat  treated  ma.terial  (Table  2  and 
Figure  25).  In  trie  annealed  condition,  the  contact  stresses  v/ere 
sufficiently  high  to  plastically  deform  the  material  dxArlng  assembly 
and  reduce  the  Interference  so  that  failure  occurred  due  to  bending 
upon  application  of  the  tensile  load  (Pigun^e  26).  The  failure  during 
asserablj’-  of  the  fully  heat  treated  rig  x-ras  due  to  the  flexure  of  the 
I-beam  during  the  assembly  of  the  first  set  of  channels.  This  flexure 
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has  to  be  overcome  in  the  assembly  of  the  second  set  of  channels,  which 
resulted  in  a  greater  than  normal  load  during  the  assembly  of  the  rig. 
This  adverse  condition  was  compensated  for  by  assembling  the  four 
channel  pieces  simultaneously.  This  procedure  resulted  in  a  satis¬ 
factory  assembly  of  the  fully  heat  treated  specimens.  The  test  re¬ 
sults  on  the  structural  rig  showed  that  the  fully  heat  treated  material 
rig  failed  at  an  axial  load  of  16,200  poimds  and  that  the  annealed 
material  rig  failed  at  30,000  pounds  axial  load.  The  heat  treated  rig 
failed  through  the  I-beam  v/hile  the  annealed  rig  failed  by  flexure  of 
the  channel  and  disengagement.  The  analyses  of  the  strain  gage  and 
photostress  measurements  taken  during  testing  revealed  that  in  both 
cases  the  rig  experienced  flexure  of  the  channels  shortly  after  appli¬ 
cation  of  load.  This  flexure  indicated  that  the  pre compress ion  of  the 
channels  and  the  tension  in  the  I-beam  was  not  of  the  magnitude  origin¬ 
ally  calculated  or  sufficient  to  eliminate  flexure  of  the  channel  legs. 
The  hardened  material  failed  due  to  the  increase  in  the  stress  at  the 
internal  radii  of  the  I-beam  while  the  soft  rig  failed  due  to  the 
precompression  yielding  of  the  contact  surfaces. 

A  9®  angle  rig  failed  during  assembly  due  to  non-uniform  loading. 

A  12°  angle  rig  with  .040”  Interference  failed  at  approximately  the 
same  load  for  the  same  reason. 

The  analysis  of  the  rig  results  indicated  that  the  cause  for  the  pre¬ 
mature  failures  was  the  increased  stresses  from  non-uniform  precom¬ 
pression  and  stress  concentrations.  To  substantiate  this,  a  9°  rig 
with  .012”  Interference  was  reworked  to  relieve  the  outer  comers  of 
the  butted  stu’faces  of  the  channel  so  that  only  the  inner  portion  be¬ 
low  the  gage  points  made  contact.  This  rework  would  produce  a  maximum 
condition  of  non-uniform  stress  during  tensile  testing.  The  rig  con¬ 
firmed  the  assumption  and  failure  occurred  at  7,600  pounds  which  was 
approximately  one-half  the  value  obtained  on  the  rig  that  had  not  been 
relieved  and  one-fourth  value  of  the  other  rig  which  had  not  been  re¬ 
lieved  and  fabricated  from  the  annealed  material. 

Two  additional  rigs  were  assembled,  utilizing  brass  shims  betv/een  the 
butted  faces  of  the  channels.  One  of  the  rigs  was  9°  and  the  other 
was  12°,  and  both  the  rigs  were  of  .012”  Interference.  The  intent  of 
the  brass  shim  was  to  uniformly  distribute  the  stresses  in  the  area  of 
compression.  The  stress  calculations  based  on  the  photoelastic  analyses 
of  the  previous  tests  and  the  photoelastic  analysis  on  the  assembled 
rig  indicated  that  the  failure  load  would  be  approximately  20,000  pounds. 
Both  rigs  failed  at  21,000  pounds,  confirming  the  stress  analysis 
which  had  been  modified  for  non-uniform  load  distribution  at  the  areas 
of  precompression. 
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2-2  Phase  II  (Continued) 

The  results  of  these  rig  tests  were  used  to  redesign  the  tape  wrapped 
structure  to  compensate  for  the  non-uniform  precompression  and  for 
the  notch  sensitivity  of  the  B120VCA  Titanium.  The  redesign  resulted 
in  a  weight  increase  and  a  loss  in  efficiency  of  the  structure  (Figure 
27). 

Fabrication  of  this  design  is  not  contemplated  since  the  weight  re¬ 
duction  for  the  250,000  psl  Titanium  tape  construction  is  9-5^  when 
compared  to  a  monolithic  design  using  the  new  managing  steel  18^ 
nickel. 
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3.0  CONCLUSIONS 

1.  The  feasibility  of  fabricating  sub-scale  pressure  vessels  by  the 
tape  wrap  method  was  demonstrated  on  a  converted  lathe. 

2.  The  fabrication  of  the  I-beam  and.  channel  sha.ped  tapes  was 
accomplished  on  the  original  design  by  the  Turks  Heading  method, 
and  the  feasibility  of  producing  the  tapes  redesigned  for  in¬ 
creased  contact  surface  vras  demonstrated  by  rolling. 

3.  The  structural  testing  of  the  increased  contact  surface  design, 
and  alternate  designs  shovred  that  the  tape  wrap  concept  was 
feasible  and  that  the  structure  required  modification  to  compen¬ 
sate  for  non-imiform  pre compress ion  stress  distribution,  and  for 
the  inherently  lower  strength  of  E120VCA  in  the  presence  of  stress 
concentrations . 

4.  A  compensated  redesign  using  250,000  psi  Titanivum  tape  was  made 
which  v;ould  result  in  a  structure  having  a  vieight  9.^1-/^  lighter 

as  compared  to  a  monolithic  case  fabricated  from  the  nevrly  develop¬ 
ed  300,000  psi  maraging  steels. 

5.  The  coefficient  of  friction  of  B120VCA  Titanium  vjhich  is  the  con¬ 
trolling  design  parameter  of  the  Tape  Wrap  concept  is  significant¬ 
ly  effected  by  surface  finish,  load,  and  slight  amounts  of  con¬ 
tamination, 

(a)  Increasing  the  surface  roughness  by  vapor 
blasting  results  in  cold  welding  and  increased 
coefficients. 

(b)  Increasing  the  load  decreases  the  coefficient 
for  Titanium. 

(c)  Contamina.tion  reduced  the  coefficient  to  a  value 
belovr  that  required  by  the  design. 

6.  The  strength  of  the  B120VCA  Titanium  is  greatly  effected  by  cold 
vrork,  notches,  and  absorbed  gases. 

(a)  Cold  working  can  Increase  the  tensile  strength 
of  Titanium  from  180,000  psi  to  greater  than 

250,000  psi. 

(b)  At  the  high  strength  levels,  stress  concentrations 
(Kt)  of  5  and  10  can  reduce  the  strength  to  170,000 
psi. 


11 


Wright  Aeronautical  Serial  Report  No.  MP. 00-249 


3.0  CONCLUSIONS  (Continued) 

6.  (c)  The  absorbed  gases  in  the  Titanium  are  a  significant 

factor  in  the  strength  and  ductility  obtained  with 
cold  worked  material. 
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4.0  DISCUSSION 

4.1  Alternate  Desipyis 

4.1.1  Redesign  of  Shapes  for  Deeper  Groove 

The  vessels  fabricated  during  Phase  I  revealed  that  the  interlock 
betvreen  the  tapes  was  not  sufficient  to  x-;ithstand  the  loads  imposed 
during  disassembly  of  the  wrapping  mandrel  or  during  pressurization. 
The  disen.gagement  of  the  tapes  was  evidenced  by  a  stepped  irregular 
surface  on  both  the  inside  and  the  outside  of  the  vessels.  The 
analysis  as  to  the  cause  of  the  disengagement  concluded  that  one 
or  a  combination  of  the  folloi\rlng  were  contributory: 

1.  LoX'j'  coefficient  of  friction  betv/een  contact  surfaces. 

2.  Distortion  of  the  cross-section  due  to  bending  to  the 
radius  of  the  mandrel, 

3.  Insufficient  pressure  or  tension  during  wrapping. 

4.  Deviation  of  the  cross-section  dimensions  from 
specified  tolerances. 

4 . 1 . 1 . 1  Design 

The  original  wire  design  vras  miodified  to  Increase  the  height  of  the 
legs  to  ensure  that  sufficient  contact  existed  betX'jeen  the  layers 
of  the  tape.  The  modification  consisted  of  an  increase  in  the  height 
of  the  legs  in  combina.tion  V7lth  compensating  the  thickness  of  the 
I-beam  web  in  order  to  result  in  the  least  Increase  in  xTOight  for 
the  same  structure  thickness.  The  modification  provided  for  increas¬ 
ed  internal  radii  and  also  resulted  in  a  larger  entrance  gap  during 
assembly  precluding  interference  before  engagement.  The  comparison 
of  the  nex^r  design  to  the  old  design  is  shoxTO  in  Figure  28. 

4 . 1 . 1 . 2  Dimensional  Change  During  Wrapping  and  Inspection 

During  the  fabrication  of  the  sub-sca3.e  vessels,  the  XM'ire  is  formed 
over  a  6“  mandrel  This  curvatxAre  results  in  distortion  of  the 
tapes  xirhlch  effects  the  angles  and  dimensions ,  In  addition,  the 
Inspection  method  developed  during  Phase  II  uses  an  optica.l  com¬ 
parator  and  measures  the  X'llre  cross-section  by  passing  a  beam  of 
light  tangent  to  the  V7lre  X'7hlle  it  is  bent  to  a  diameter  of  6" .  In 
order  to  use  this  instrument  effectively,  a  theoretical  change  in 
the  X’jire  cross-section  as  a  fxunction  of  the  radius  must  be  establish¬ 
ed  This  dim.enslonal  change  xfould  be  used  to  compensate  the  observed 
measurements  of  the  tape  shapes.  Txfo  variations  of  the  xxrire  cross- 
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4.1.1. 2  Dimensional  Change  During  Wrapping  and  Inspection  (Continued) 

section  were  considered;  one  for  the  Phase  I  I-beam  and  channel  and 
the  other  for  the  deeper  flanged  Phase  II  design. 

4.1.1. 2.1  Method  of  Analysis 

The  analysis  was  divided  Into  two  parts;  the  change  In  section  due 
to  Poisson’s  ratio  and  the  change  due  to  strain  energy.  The  Poisson’s 
ratio  analysis  accounts  for  the  changes  In  the  wire  cross-section  due 
to  tensile  and  compressive  bending  stresses  transmitted  to  the  cross- 
section  by  Poisson’s  effect.  The  total  strain  for  any  fiber  In  the 
cross-section  Is  given  by: 

A 


total  strain  (In. ) 

Poisson’s  ratio 

distance  from  neutral  axis  to  the  fiber  (in.) 

original  length  of  the  fiber  ( In. ) 

radius  of  curvature  of  the  neutral  axis 

In  the  strain  energy  analysis,  the  flanges  of  the  channel  or  I-beam 
tapes  are  assimied  to  rotate  through  the  angle, such  that  at  any 
radius,  R,  the  total  strain  energy  In  the  wire  Is  a  minimum.  The 
assumptions  made  In  the  analysis  were: 

1.  The  flanges  of  the  wire  cross-section  are  considered 
as  rings  sub;3ected  to  imlform  twisting  moment  about 
the  Z-  axis  (Figure  29).  In  addition,  the  rotated 
flanges  are  subjected  to  bending  along  the  length  of 
the  wire  due  to  curvature  (Figure  30). 

2.  The  web  acts  as  a  beam  of  imlt  width  subjected  to  end 
moments  due  to  the  rotation  of  the  flanges  (Figure  29). 

In  addition,  the  web  is  also  subjected  to  bending  along 
the  length  of  the  wire  (Figure  30). 

For  minimum  strain  energy,  the  following  equation  relating^,  b, 
h,  d,  t,  and  R  (defined  as  shotm  in  Figure  28)  is  obtained: 


in  which 

A  = 
= 

Xo  = 

J2.  = 
and  Eo  = 
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4. 1.1. 2.1  Method  of  Analysis  (Continued) 

=  A.  3(2^.  ^-^863) 


(2) 


in  which 


A  =  (4'rTK3  -  K  +  K“l) 


^  K 

and  B  =  88.977  ^ 


4. 1.1. 2. 2  Results  of  the  Analysis 

The  family  of  curves  in  Figure  31  shov/s  the  variation  of  the  strains 
Ab,  and  A«JL  for  both  the  shallov;  (Phase  I  design)  and  deep  vriires 
(Phase  II  design)  with  respect  to  the  bend  radius  of  the  wire.  In 
all  cases,  the  strains  in  the  deep  channel  and  "I"  sections  are 
greater  than  those  in  the  similar  wires  with  shallow  flanges.  The 
curves  are  asymptotic  to  the  X-  and  Y-  axis  because  the  displacement 
(A)  is  inversely  proportional  to  the  radius  (R). 

The  family  of  curves  in  Figure  32  shows  the  rotation,  /3 ,  of  the 
flanges  as  a  function  of  the  bend  radius,  (R),  At  any  constant  radius 
the  rotations  of  the  flanges  vary  directly  as  the  depths  of  the  flanges, 
resulting  in  greater  rotation  for  sections  with  greater  depth.  Also, 
the  rotation  of  the  flanges  varies  Inversely  as  the  "stiffness"  of 
the  web.  Figure  33  shov7s  the  variation  of  Ad  due  to  strain  energy 
as  a  function  of  the  radius.  The  variation  of  total  strain  (A)  due 
to  Poisson* s  ratio  and  strain  energy  are  plotted  against  the  radius 
in  Figures  34,  35*  36,  and  37. 

Table  1  shov7s  the  change  in  the  dimensions  for  the  6"  sub-scale 
vessel  fabricated  from  both  tape  designs.  It  can  be  seen  that  with 
the  Phase  I  design  the  change  in  dimensions  was  significant,  however, 
it  shovild  not  have  effected  the  performance  of  the  Interlock  to  the 
extent  of  disengagement  at  50  psl.  For  larger  vessels  these  dis¬ 
tortions  of  dimensions  are  insignificant  and  can  be  neglected. 

4. 1.1. 2. 3  Redimdant  Forces  and  Moments  in  a  Helical  Coil 

Since  several  designs  were  to  be  evaluated  by  structural  testing  of 
simple  uniaxial  specimens,  it  vras  necessary  to  develop  an  IBM  program 
to  design  the  actual  wire  shape  to  be  used  in  blaxially  loaded  tape 
wovind  pressure  vessels.  This  was  necessary  since  it  was  anticipated 
that  several  designs  of  tape  V70uld  result  from  the  structural  testing 
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4. 1.1. 2. 3  Redundant  Forces  and  Moments  in  a  Helical  Coil  (Continued) 

and  the  availability  of  an  IBM  program  would  eliminate  the  necessity 
of  solving  a  series  of  simultaneous  eqiiations  for  each  of  the  proposed 
designs  to  establish  the  dimensions  for  the  biaxial  state  of  stress. 

In  order  to  evaluate  the  axial,  bending  and  torsional  stresses  in  the 
wire  v;hen  x^round  helically  to  any  desired  radius,  an  investigation  was 
made  to  determine  theoretically  the  redundant  forces  and  moments  in 
a  helical  coil  of  one  turn  subjected  to  xmiformly  distributed  loads, 
consisting  of  radial  load  (p),  axial  load  (w)  and  circxmnferential 
shear  flovj  (q). 

The  method  of  the  elastic  center  was  used  for  the  solution  of  this 
highly  redundant  structure.  The  redundants  were  applied  at  the 
elastic  center  of  the  helical  coil  which  coincides  vrith  the  center- 
line  of  the  coil.  The  displacements  at  the  elastic  center  were  ob¬ 
tained  using  the  Castlgliano’s  theorem  of  the  Differential  Coefficient 
of  the  Internal  Work  x\rhich  states,  "If  the  internal  work  of  a  frame 
structure  is  expressed  as  a  fxmctlon  of  the  external  forces,  the 
resulting  expression  is  such  that  its  partial  differential  coefficients 
give  the  relative  displacements  of  their  points  of  application".  The 
general  eqx^ation  is  as  follows: 


in  x^hlch,  Q  =  the  direction  of  the  displacements  or,  in 

other  words ,  the  direction  of  the  redxmdants . 


M  =  the  moment  due  to  the  redundants  and  the 
externally  applied  loads. 

and  subscripts  r,  x,  t  refer  to  radial,  axial,  and  tangential  direc¬ 
tions,  respectively. 

The  integration  was  performed  for  one  turn  between  the  limits  of  zero 
to  277: 

I^nowing  the  displacements  (rotations  and  deflections)  due  to  unit 
redxmdant  forces  and  the  externally  applied  loads,  a  system  of  simul¬ 
taneous  equations  are  set  up  Incorporating  the  unlcnovjn  redundant  moments 
and  forces.  Solution  of  these  moments  and  forces  will  determine  the 
stresses  in  the  x^^ire  (Table  3). 
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4. 1.1, 2. 4  Derivation  of  Formulas 

This  section  outlines  the  detailed  derivation  of  forraifLas  for  the 
solution  of  the  redundant  moments  and  forces  In  a  helical  coll  of  one 
turn  due  to  radial  and  axial  loads  and  clrcvimferentlal  shear  flovj. 
Pig.  38  shows  a  free  body  diagram  of  the  coll  with  the  loads  and  re- 
duindants .  All  moment  redundants  are  shoim  In.  vectors . 

Nomenclature 


Xo  >  »  Zo  -  Redundant  forces  at  the  elastic  center  In  the 

X,  Y,  S  directions,  respectively 

Njco  *  *“  Hedundant  moments  at  the  elastic  center  In  the 

X,  Y,  S  directions,  respectively 

-  shear  fiov.'  (lbs.  per  In.) 

•p  -  uniform  distributed  radial  load  (lbs.  per  In.) 
'Ur  »  uniform  distributed  axial  load  (lbs.  per  In.) 

-  pitch  of  helical  coll 
9^  -  helix  angle 

^  -  angle  in  plane  normal  to  coil  axis 
R  -  radius  of  coll 


-  moments  at  oC-  location  in  t,  x,  r  directions, 
respectively 

-  \miforra  distributed  torque  along  circumference 
(in. -lbs.  per  in.) 


s 

^yy  t  » hyg 


-  angular  rotations  at  the  elastic  center  about  the 

x,  y,  z  axis,  respectively,  due  to  unit  redundants 
in  X,  y,  2  direction,  respectively. 

-  linear  displacements  at  the  elastic  center  about 
the  X,  y,  2  axis,  respectively,  due  to  \mlt  re¬ 
dundants  in  X,  y,  2  direction,  respectively. 

-  angular  rotations  at  the  elastic  center  about  x, 

X,  y  axis,  respectively,  due  to  imit  redimdants  In 

y,  2,  2  directions,  respectively. 

-  linear  displacements  at  the  elastic  center  about 
X,  X,  y  axis,  respectively,  due  to  unit  redvmdants 
in  y,  2,  2  directions,  respectively. 
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Ix»  j 
E,  G 

K 


-  angular  rotations  at  the  elastic  center  about 

X,  y,  z  axis,  respectively,  due  to  applied  loads. 

-  linear  displacements  at  the  elastic  center  about 
X,  y,  z  axis,  respectively,  due  to  applied  loads. 

-  moments  of  inertia  about  axial,  radial  and  tangential 
axis,  respectively  (in.^) 

-  moduli  of  elasticity  and  rigidity,  respectively 

-  constant 


Assumptions 

The  following  assumptions  were  made  in  the  analysis: 

a)  Angular  rotations  about  x,  y,  z  axis,  respectively,  at  elastic 

center  are  zero,  l.e.,  =^go  =  0 

b)  Linear  displacements  in  x,  y,  z  directions,  respectively,  at 

elastic  center  are  zero;  i.e,,  bx*  =  =  0 

c)  The  redundant  forces  and  moments  are  in  the  plane  which  includes 
the  starting  point  of  the  helix  coil  for  one  turn;  l.e.,«^  =  0. 

d)  Uniform  distributed  radial  pressure,  shear  flow,  axial  load, 
and  circumferential  torque. 

e)  Wire  of  unit  width  and  uniform  cross  section. 

The  following  are  the  moments  ato<,  E  due  to  the  redundants  applied  at 
the  elastic  center  of  the  helical  coll,  (Pigs,  39  and  i^o) 

=  +MyoCOS  -  Ma,  sin«<.  +  X^R  -  {S^oos  m  +  Y^sin^A)  Ro(tan  ^  (4) 

cosot  +  My.  sino^  +  (Y^coai.-  «<  )  Hex.  tan  (5) 

+Z^sin  «-  X^Hcos  (6) 

The  moments  atot,  R  due  to  the  applied  loads  are  given  below  (Pigs,  4l- 

43); 

M,(^  =  cos"^  «*+cos«*-  1)  +^R2tan  {^(e^  cos  <A  -  2sln  «(+«*) 

+'V-R2^tan^  ^(  sinrf'-excosoj)  +  o<  -  sin  <»<^+ T^R  sin  ot  (r;) 

M^  =  -p  R^^^  ~  (  sin<^-  cos<<)  -  aE^tan  }4-(«(sin«0 
u  oos  0 

-■u/R2^tan^  j4>(^sin  rf^+cos  <3^  -Ij  +1  -  cos  | 

-'fR  (1  -  cos«<)  (8) 
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— (1  -  oosdi)  +aR2  (®<-  sin  A) 

*  *  oos  y/  0 

+iir-Q2  tan  (4'  («*  -sine*)  +1'  E  tan 

The  rotational  and  translational  displacements  at  the  elastic  center 
for  unit  redimdant  moments  and  forces  are: 

=2^E 

■Oyy  =  (K2  +  K3) 

=  ITE  (K2  +  K3) 

■^y  SB  Si  —  0 

j9ya=  =  0 

s  2  '?r'R3K2 

<^yy=iT'E3  [  K/j,  +  tan^j^  (K5K2  +  K6K3)^ 

{  }^  +  tecn^P  (K6K2  +  K5K3)^ 

Syx  =2  ■TrE3K2  tan^ 

^ax  ®  0 

=  TT 2r3  tan^  ^  ( K3-K2 ) 

In  which 

'^3  =  fe,  ■  =  It.  ’  •‘5  =  .  K6  =  * 

The  rotational  and  translational  displacements  at  the  elastic  center 
due  to  the  applied  loads  are: 

^0=  Kii,^  +  2ir2R3  +  2  A^Ki^Ti^tan^^ 

COSTS'  ^ 

+2  »'2R2K4rtan  P 

t^.=  +'ir  |2.  ( K2+3k3  )f  +  l^^R3tan  ( K2-K3 

+  '^%3  tanV  (K2-K3)-«^^ 

-7r2R3  ta|0(K2+K3)^  tan  (4> ( QK^+Kg )^+irR^ 

-tanSji,  (3K2+K3)  +  8  KT+TE  (K2+K3  -T 


(24) 


) 


) 

I 


-4irR^ 

cosfs* 


K2y3  +  tan^2^'^ 


“‘^1^  (K4+K7  tan2^  (K2+K3)f  +r2R4  tan2^(7K2+K3)|, 
tan  P  (  2K2  tan2j^,(  2K2tan2f«-»  ( 5K2+K3 )  )  T^r 


-rr2R3  tan  ^(K2-K3)7' 


In  which 


-27r2K3R^  f  ^-ir  R^  (tan^MK3K5-K2K8)-3K4)j»- 

+  wB.^  tan^^  (2K7  tan2^-9)K2  +  (2K7tan^-3)K3 
2 

+  -|£  tan  (2K2-3K3-4%)T 


K7  =  8rr2 

r" 


+  1 


K8  =  s:|5+  11/2 


(25) 


(26) 


The  general  load-deflection  equations  for  determining  the  redundant 
forces  and  moments  at  the  elastic  center  of  the  helical  coil  with 
external  loads  of  radial  distributed  load  yo,  circumferential  shear 
flow  Q.  ,  axial  distributed  load -nr,  and  circumferential  torque  Tare: 


+  ^xyMy.  +  =  0  (16) 

^y»Mx.  +  ®xyMy.  +  +  ^yx=  0  (17) 

^xMx.  +  ^yMy.  +  +  ^»  =  0  (18) 

^XxX,  +  ixyX*  +  <SxbH^+  0  (19) 

4y«x.  +  iyyl.  +  ^y.  =  0  (20) 

+  ^y’f.  +  <5iiH+  =  0  (21) 


When  the  redundant  forces  and  moments  are  determined  at  the  elastic 
center,  the  stresses  anyiThere  along  the  coil  can  be  determined  using 
equilibrium  equations.  When  the  deflections  at  the  elastic  center 
are  not  zero,  then  the  load  deflection  equations  are  not  set  equal 
to  zero  but  to  the  known  deflection. 
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4.1.2  Alternate  Methods  of  Interlocking 

The  present  method  of  interlocking  between  layers  is  the  interference 
fit  between  the  I-beam  wire  and  the  adjacent  legs  of  the  channel  wire. 
This  Interference  fit  places  the  adjacent  legs  of  the  channel  x-Jire 
in  precompression  which  prevents  bending  in  the  channel  web.  The 
wires  remain  in  place  by  maintaining  the  tangent  of  the  angle  of  the 
contact  surfaces  of  the  I-beam  and  channel  less  than  the  coefficient 
of  friction  for  the  materials  being  mated. 

The  theoretical  analysis  of  the  frictional  method  of  maintaining 
interlock  performed  during  Phase  I  showed  this  approach  to,  be  feasible. 
During  Phase  II  it  was  deemed  desirable  to  investigate  alternate 
methods  of  Joining  the  legs  of  the  tapes  together  in  an  attempt  to 
reduce  the  tolerance  requirements  or  to  further  reduce  the  v/eight  of 
the  structure.  Various  methods  other  than  making  use  of  the  friction 
between  the  layers  of  tape  were  studied  (Figure  17). 

4 . 1 . 2 . 1  Metal  Inserts 

There  are  two  areas  in  the  wire  construction  where  an  extrudable  metal 
insert  could  be  included  to  either  increase  the  coefficient  of  friction 
or  reduce  the  tolerance  requirements  in  the  fabrication  of  the  wire. 

The  first  of  these  areas  is  between  the  channel  and  the  I-beam  legs 
at  the  contact  surfaces,  and  the  second  area  is  between  the  adjacent 
legs  of  the  channel  wire.  The  first  method  was  determined  to  be 
unsatisfactory  since  during  pressurization  the  loads  on  the  insert 
would  Increase  resulting  in  additional  extrusion.  This  would  result 
in  reducing  the  precompression  in  the  channel  legs,  thereby  allovrlng 
bending  to  occur  in  the  channel  which  Increases  the  stress.  In 
addition,  when  the  pressure  is  released  the  layers  would  be  loose, 
which  could  result  in  imwrapping. 

The  second  method  was  to  Insert  the  soft  metal  shim  between  the  butted 
legs  of  the  channel.  With  the  use  of  a  shim  in  the  first  layer  of 
channel  the  application  of  the  I-beam  over  the  channel  legs  would 
result  in  extrusion  of  the  soft  metal  shim.  A  tangential  force  would 
have  to  be  applied  to  the  winding  adjacent  to  the  engaged  channel 
tape  in  order  to  butt  it  to  prevent  interference  during  application 
of  the  next  winding  of  the  I-beam.  This  i^ould  also  continually  reduce 
the  helix  causing  an  increase  in  diameter  resulting  in  a  tapered 
vessel.  Another  approach  to  eliminating  this  build-up  of  tolerance 
would  be  to  wap  all  layers  at  the  same  time.  This  would  be  a  very 
difficult  fabrication  technique.  The  use  of  the  insert  did  look 
promising  for  applying  the  second  layer  of  channel  (the  outer  layer), 
and  for  this  reason  the  method  was  Included  in  the  structural  testing 
of  the  ten  times  size  structtiral  rig. 
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4. 1.2. 2  Adhesive  Bonding 

The  adhesives  appeared  to  have  the  same  disadvantages  as  the  soft 
metal  inserts  beWeen  the  channel  and  I-beam  mo.ting  siirfaces.  The 
relatively  low  elastic  modulus  of  adhesives  vjould  relieve  the  pre¬ 
compression.  load  in  the  channels  and  I-beam  legs  which  would  result 
in  excessive  bending  and  failure  of  the  channel  flanges.  If  the 
design  vjere  modified  to  reduce  or  eliminate  the  legs  and  inci-ease  the 
contact  surfaces  in  the  axial  direction,  the  adhesives  did  shovj 
promise.  The  optimum  design  using  this  method  vrould  be  layers  of 
strip  vjlth  spaces  in  betvieen  the  winds.  The  major  problem  of  this 
method  of  fabrication  vjould  be  in  the  attachment  to  the  adapters. 

4. 1.2. 3  Brazin/;’: 

Various  braze  materials  for  B120VCA  titanium  vrere  Investigated.  All 
of  the  braze  alloys  X'jhich  would  have  adeqiiate  strength  required  brac¬ 
ing  teraperatujre  well  in  excess  of  750OP  which  is  the  aging  tempera¬ 
ture  of  the  B120VCA  titanium  V7ire  for  obtaining  high  strength.  Any 
temperature  in  excess  of  this  aging  temperature  results  in  over-aging 
and  loss  in  strength  or  recrystallization  which  will  anneal  the 
material . 

4. 1.2.4  Weldinp: 

Two  methods  of  welding  were  investigated;  namely,  high  frequency 
resistance  welding,  and  ultrasonic  welding. 

The  high  freo^uency  resistance  welding  would  be  used  to  v/eld  the 
channel  legs  together  as  they  are  assembled  onto  the  mandrel.  The 
method  appeared  promising;  from  the  structural  standpoint;  however, 
the  welding  of  B120VCA  tits.nium  has  not  progressed  to  the  point  where 
consistent  crack,  free  welds  can  be  produced.  In  addition,  this  type 
of  weldirig  has  created  a  problem  of  delayed  cracking  due  to  strain 
aging.  For  these  reasons  it  was  decided  tha.t  high  frequency  resis¬ 
tance  vrelding  vrould  not  be  reliable  until  a  nex'j  vrelding  procedure  had 
been  developed. 

The  ultrasonic  method  of  welding  appeared  to  be  satisfactory  for  this 
alloy  of  titanium  because  it  did  not  require  the  excessive  heat  to  fuse 
the  metal.  Investigation  of  ultrasonically  welding  the  butted  faces 
of  the  channels  shov/ed  that  steel  sheet  as  thick  as  .040”  had  been 
welded  by  ul transonic  methods.  To  date  this  method  has  not  been  applied 
to  beta  titanium  alloys.  The  development  of  an  ultrasonic  welding  pro¬ 
cedure  for  the  B120VCA  titanium  material  was  beyond  the  scope  of  this 
contract.  It  was  decided  to  hold  this  method  of  fabrication  as  an 
alternate  in  the  anticipation  of  the  expected  advancements  in  the  area 
of  ultrasonic  x^elding. 
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4 . 1 . 2 . 5  Differential  Heating  and  Coolir^^ 

Differential  heating  of  the  I-beam  and  channel  was  considered  as  a 
method  of  assemblj'-  to  replace  the  present  hydraulic  loading  during 
the  wrapping  operation.  This  method  would  reduce  the  tolerance  re¬ 
quirements  of  the  wires,  but  could  increase  the  preloads  to  the  point 
of  plastically  deforming  the  material.  The  procedure  required  heating 
the  I-beam  when  wrapping  over  the  first  layer  of  channel  and  then 
cooling  the  third  layer  (channel)  when  wrapping  it  over  the  second 
layer  Tl-beam)  which  would  still  have  to  be  at  the  preheat  tempera¬ 
ture.  The  method  of  tooling  for  this  procedure  could  not  be  resolved. 
It  x\ras  apparent  that  all  three  layers  have  to  be  wrapped  simultaneous¬ 
ly. 


4.1. 2. 6  Explosive  Forming 

Explosive  forming  was  investigated  as  a  method  of  increasing  the 
tolerances  on  the  vjire  and  applying  the  preload  in  the  legs  of  the 
channel  and  I-be^m  through  the  use  of  explosives.  The  three  layers 
would,  be  x^rcapped  loose  and.  then  explosively  formed,  against  an  O.D, 
mandrel.  There  were  several  problems  i^hich  made  this  method  im¬ 
practical.  When  the  collapsible  mandrel  would  be  removed  from  the 
loosely  wrapped  assembly  the  layers  would  twist  out  of  shape  and 
disengage.  The  basic  principle  of  obtaining  the  high  strength  light¬ 
weight  structure  vras  to  provide  voids  between  the  I-beam  winds. 

These  voids  could  not  be  filled  in  order  to  prevent  the  web  of  the 
inner  layer  of  channel  from  d.eforming  into  the  void  during  the  ex¬ 
plosive  forming  operation.  Pilling  the  void  with  a  fluid  during  the 
explosive  forming  process  would,  result  in  a  lack  of  preload  being 
obtained  on  the  inner  layer. 

4.2  Inspection  Techniques 

During  Phase  I  of  the  contract,  various  methods  of  inspection  for  the 
wire  shapes  were  investigated.  These  Included  measurement  by  means 
of  a  comparator,  projection  by  means  of  a  metallograph,  micrometer 
measurement  of  the  external  dimensions,  raeasixrement  of  a  calcium 
sulphate  molding  and  use  of  toolmakers  microscopes  and  air  gages. 

The  method  that  vjas  most  successful  v;as  the  metallographlc  method. 
This  X'^as  accoraplished  by  copper  plating  (non-adhering)  the  tape  to 
a  thickness  of  approximately  0,005".  tape  vras  then  placed  in  a 

special  metallog-raphic  clamp,  polished  and  photographed  at  50  magni¬ 
fications.  The  photographs  were  then  measured.  This  method  present¬ 
ed  two  problems.  The  first  problem  x^^as  that  it  was  very  difficult  to 
cut  and  polish  the  tape  xiithout  some  distortion  or  rounding  of  the 
edges  on  the  inside  surfaces.  More  important,  hovrever,  was  the 
problem  that  every  time  the  tape  x^^as  to  be  measured  it  had  to  be  cut. 
This  meant  that  only  the  beginning  and  the  end  of  the  tape  could  be 
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4 . 2  Inspection  Techniques  ( Continued ) 

inspected  and  that  the  deviation  throughout  the  length  of  the  fabri¬ 
cated  tape  vTas  unlinoK’n  for  the  intern^.l  dimension. 

The  objective  of  Phase  II  was  to  obtain  a  continuous  method  of  in¬ 
spection  for  the  newly  designed  tape  shape.  Ti'ielve  vendors  were 
contacted  vrhich  included  the  inspection  areas  of  comparators,  air 
gages,  blade  edge  microscopes,  and  electrical  methods.  Two  sources 
or  methods  of  Inspecting  continuously  were  located. 

An  inspection  with  the  use  of  air  gages  appeared  to  be  sati sf actor j?-* 
however,  consid.erable  skill  would  be  required  to  operate  the  equip¬ 
ment  and  to  make  any  minor  chang;es.  In  addition,  a  completely  nex'j 
set  of  tooling  would  be  required  for  any  design  changes.  The  air 
gage  method  xras  also  foi.md  to  be  Inadequate  for  measuring  the  angles. 

The  second  method  for  continuous  inspection  vjas  optical,  using  a 
comparator  and  a  special  lighting  source.  The  lighting  source  con¬ 
sisted  of  a  mercury  arc  lamp  with  filters  and  a  polarizing  device  to 
provide  parallel  light  beams 


The  tooling  for  continuously  Inspecting  the  tape  consists  of  a  m8.n- 
drel  with  a  groove  to  guide  the  vrlre.  The  mandrel  is  6”  in  diameter 
and  includes  adjusting  devices  to  align  the  wire  so  that  the  light 
can  strike  the  wire  norm.al  to  the  profile. 

The  inspection  device  includes  a  lens  system  for  62t  magnification 
i\’ith  gl8,ss  comparator  charts  giving-  minimum  and  maximum  dimensions 
and  angles.  The  exterml  dimensions  of  'the  vjlres  are  checked  by 
micrometer  or  electrical  measuring  devices. 

The  optical  method  selected  has  the  advantage  of  being  easily  adapted 
to  anj'"  design  c'nanges  by  the  pi-’ocurement  of  a  new  comparator  chart. 
Figure  l6  shovrs  the  comparator  vjith  the  mercury  arc  lamp  housing, 
the  pov/er  supply,  and  the  conmarator  chart  installed  on.  the  vievjii-ig 
screen.  The  conmarator  chart  for  the  redesigned  wire  is  shovm  in 
Figure  44. 

•  3  Fabrication  of  the  Eedesif^ned  Deeper  Qroove  Tape 
4.3.1  Ttirks  Heading 

Various  methods  of  fabrication  of  i^ire  were  investigated  during 
Phase  I.  The  Turks  Heading  method  v;as  selected  as  being  the  most 
feasible  for  fabricating  the  two  different  tape  shapes.  The  in¬ 
vestigation  and  experimentation  Included  establishing  the  size  of 
the  starting  XMire,  the  spring-back  of  titanium,  the  numiber  of  passes 
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4.3.1  Turks  Heading  ( Continued ) 

through  the  Turks  Head,  and  the  design  of  the  breakdovm  rollers. 

Through  the  use  of  this  process,  wire  was  produced  in  sufficient 
quantities  to  fabricate  the  sub-scale  vessels. 

During  Phase  II,  various  experiments  were  performed  with  the  Turks 
Head  mill  in  an  attempt  to  fabricate  the  new  design  tape  to  blueprint 
tolerances.  The  Turks  Head  rolls  were  redesigned,  based  on  the  rolling- 
procedure  developed  during  Phase  I,  to  produce  the  deeper  groove  tape 
design.  The  initial  attempts  to  roll  these  forms  revealed  that  the 
inner  comers  of  the  legs  did  not  fill,  and  that  this  condition  was 
more  prevalent  in  the  channel  shape  than  in  the  I-beam  sh^pe.  Succes¬ 
sive  examinations  of  the  wire  during  the  various  stages  of  the  rolling, 
revealed  that  pifLling  down  of  the  material  during  each  successive 
pass  was  responsible  for  the  insufficient  filling  of  the  internal 
shape  (Figure  20).  This  pulling  dovm  of  the  metal  reduces  the  amount 
of  material  in  the  leg  area  so  that  there  is  insufficient  material 
remaining  prior  to  the  final  pass  to  form  the  finished  shape. 

In  an  attempt  to  overcome  this  condition,  a  series  of  tests  were  run 
in  which  the  deep  groove  channel  rollers  were  used  to  collect  material 
in  the  leg  areas  follovjed  by  using  the  old  design  shorter  leg  rolls 
for  the  final  pass.  The  results  of  this  experiment  shovr  that  by 
collecting  the  metal  prior  to  the  final  pass,  the  legs  could  be  filled. 
This  procedure  is  shown  In  the  second  and  third  sketch  of  Figure  20. 

Another  approach  to  collecting  the  material  prior  to  the  final  pass 
is  also  shovm  in  Figure  20.  This  method  vrould  leave  material  on  the 
outside  of  the  leg  so  that  during  the  final  pass  the  legs  would  bend 
or  flow  into  the  existing  voids  from  vjhere  the  material  had  been 
pulled  dovm  durin.g  previous  passes.  Investigation  of  this  method  re¬ 
vealed  that  the  stiffness  of  the  material  is  such  that  the  flovr  x^uld 
not  result  in  fillin-g  the  void  but  go  into  increasing  the  length  of 
the  tape. 

Rolling  experiments  designed  to  produce  deep  groove  tape  revealed 
that  Increasing  the  height  of  the  tongue  on  the  rolls  resulted  in 
flowing  of  the  edges  of  the  tongue.  It  vias  apparent  that  the  strength 
of  the  roll  material  in  this  imsupported  condition  x^as  insufficient 
to  form  the  nevjly  designed  tape.  An  additional  set  of  rolls  viere 
fabricated  and  heat  treated  to  a  higher  strength  level.  Initial 
attempts  to  fabricate  wire  using  these  rolls  vrere  performed  on  alxAminxmi 
wire  which  has  a  lower  strength  than  titanium  in  order  to  prove  the 
fabrication  sequence  X'llthout  damaging  the  rolls.  This  series  of 
experiments  shox^red  that  by  collecting  the  material  in  the  leg  area 
prior  to  the  final  pass,  the  required  shape  and  dimensions  could  be 
produced.  Hox'iever,  the  aluminum  did  not  offer  sufficient  resistance 
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4.3.1  Turks  Heading  ( Continue d ) 

to  the  rolling  operation  and  the  center  of  the  groove  wandered  with 
respect  to  the  side  dimensions.  The  experiments  were  repeated  with 
the  use  of  anjiealed  steel.  The  principle  of  the  rolling  operations 
were  again  confirmed.  The  center  groove  again  was  not  within  blue¬ 
print  tolerance  with  respect  to  the  sid.e  dimensions;  however,  it  was 
improved  vrith  respect  to  the  experience  with  the  aluminum  material. 

It  was  felt  that  this  condition  could  be  corrected  v;lth  additional 
tooling  and  rolling  equipment  since  the  major  objective  of  filling: 
the  corners  of  the  shapes  had  been  demonstrated. 

Based  on  the  aluminum  and  steel  rolling  experiments  the  starting  size 
of  the  rectangular  titanium  wire  for  fabricating  the  I-beam  shape  was 
Increased  in  order  to  fill  the  corners.  On  the  second  pass  the  tongue 
of  the  top  and  bottom  rollers  sheared  off.  It  was  established  that 
the  heavy  load  on  the  roller  tongue  exceeded  the  tensile  strength  of 
the  increased  hardness  rollers.  This  condition  vras  not  prevalent  with 
the  old  design  of  vrlre  shape  because  the  tongue  of  the  roller  vjas  only 
.009"  instead  of  the  ,018‘*  for  the  redesign.  This  increased  height 
of  the  roller  tongue  reduced  the  side  support.  V/hen  the  rollers  were 
heat  treated  to  the  strength  of  the  original  rolls,  the  material  flovx- 
ed,  roimdirg  the  edges  of  the  tongue.  With  the  increased  hardness 
rollers,  the  tensile  strength  of  the  material  was  exceeded  and  the 
comers  of  the  tongne  sheared  off.  Due  to  these  problems  of  excessive 
loads  on  the  rollers  during  the  fabrication  of  titanium  tape,  it  was 
felt  that  the  rolling  procedure  vjould  have  to  be  modified  to  provide 
several  breakdom  passes  vjith  shapes  that  are  substantially  different 
from  the  final  design  in  order  to  reduce  the  loads  on  the  roller. 

Various  vendors  x^rere  contacted  to  este.blish  a  source  to  fabricate  the 
nevjly  designed  tape.  TVo  vendors  were  selected  to  perform,  experimental 
fabrication  to  establish  the  feasibility  of  producing  the  wire  to  the 
required  shape  and  within  the  required  tolerances.  The  approaches 
used  X'jere  die  drawing  and  rolling.  In  ad.ditlon,  the  feasibility  of 
machining  the  shape  and  chemically  milling  the  shape  x\fere  also  in¬ 
vestigated  under  separate  programs , 

4.3-2  Die  Drawing,  Plachining,  and.  Chemical  Hilling 

The  initial  attempts  to  die  draw  the  shape  were  performed  on  dies 
fabricated,  during  Phase  I  to  the  original  design  dimensions.  These 
dies  x\’’ere  used  to  establish  the  amount  of  die  wear,  tjqpe  of  lu.bri- 
cation,  and  the  die  dimensions  vs,  tape  dimension.  The  results  of 
these  investigations  were  negative  in  that  an  adeqviate  lubricant  could 
not  be  found  that  tiould  prevent  pick-up  on  the  carbide  dies.  Various 
lic[uld  lubricants,  including  raoly-disulfide,  graphite,  and  various  solid 
lubricants  such  as  silver,  copper,  and  colloidal  suspensions  x^'ere  used. 
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4.3.2  Die  Drai^in^,  Machining^  and  Chemical  Millin<^  (Continued) 

The  die  life  was  found  to  be  very  poor  and  satisfactory  lubricants 
could  not  be  found  to  prevent  the  dies  from  galling. 

Another  series  of  experiments  were  performed  using  the  rolling  process 
up  to  the  final  reduction.  The  final  reduction  would  be  accomplished 
through  the  use  of  a  die  to  establish  the  necessary  dimensions  and 
tolerances.  The  experimental  rolling  portion  of  this  investigation  con¬ 
cluded  that  it  was  necessary  to  anneal  the  wire  between  passes.  The 
amount  of  cold  work  possible  after  the  last  pass  could  not  be  predicted 
and  further  experiments  would  be  required  to  establish  the  degree  of 
remaining  cold  work  in  the  wire  after  final  sizing  by  die  drawing. 

This  degree  of  cold  work  x^as  important  since  it  would  control  the 
maximum  ultimate  tensile  strength  of  the  x^ire.  The  die  drawing  portion 
proved  vinsatisfactory  even  with  the  preformed  shape  being  rolled  in, 
due  to  lack  of  die  life  from  galling  beti^en  the  titanium  and  the  dies. 
Extensive  experimental  work  X'lith  various  lubricants  was  also  performed 
but  did  not  result  in  a  satisfactory  solution  to  the  problem. 

Several  other  methods  of  fabricating  the  wire  were  also  investigated. 

The  first  xras  chemical  milling.  The  approach  vra.s  to  roll  the  titanium 
X'lire  into  a  rectangular  shape  and  then  mask  all  of  the  x^ire  except  for 
a  strip  along  the  top  and  bottom..  The  chemical  etchant  would  then  be 
alloxTOd  to  remove  enough  material  to  form  the  groove  xjlthln  ,004”  of 
the  finished  size.  The  proper  amoxmt  of  excess  material  would  be  left 
on  the  shoulders  to  provide  the  required  prerolling  shape  to  allox^r  for 
equal  area  reduction  in  the  shoulders  and  in  the  gnoove  during  the 
final  pass  on  the  Turks  Head  mill.  With  this  method,  only  one  pass 
would  be  required  after  the  groove  x«ias  etched  in.  The  results  of  this 
investigation  showed  that  a  proprietary  chemical  milling  etchant  was 
available  fox'  the  all-Beta  alloy.  Hox\rever,  extensive  development 
problems  and  costs  x-jere  anticipated  in  the  masking  and  obtaining  of 
the  required  tolerances  on  these  relatively  small  shapes.  In  ad.dition, 
there  xrould  be  very  little  cold  work  in  the  xjlre  due  to  the  one  re¬ 
duction  pass  on  the  Txirks  Head  vrhich  vjould  again  result  in  very  lox^^ 
tensile  strength  in  the  final  wire. 

I-iachining  of  cold  rolled  rectangular  titanivin  x^rlre  vras  also  investi¬ 
gated.  A  sample  of  the  channel  shape  was  fabricated  by  milling. 

The  material  x-ras  found  to  machine  satisfactorily  v/ithout  any  notice¬ 
able  tool  X’fear,  after  machining  a  24  foot  length  of  wire.  It  xvas, 
hoxvever,  established  that  the  continuoxxs  milling  method  could  not  hold 
the  required  +  .0004”  tolerance.  It  xjas  concluded  that  a  final  grind¬ 
ing,  operation^to  establish  the  required,  dimensions  vrould  be  required. 

The  requirement  for  100  foot  continuous  lengths  of  tape  for  the  sxib- 
scale  vessels  and  up  to  10,000  foot  continuous  lengths  for  full  size 
vessels  X'jould  not  be  feasible  by  this  method. 
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4.3.3  Rolling 

The  development  program  to  fabricate  the  tape  shapes  by  rolling  in¬ 
cluded  experiments  using  existing  rolls  which  simulated  the  tape 
shapes.  These  experiments  showed  that  the  feasibility  of  fabricating 
the  wire  by  this  method  was  practical  and  that  the  required  toler¬ 
ances  could  be  obtained  through  the  use  of  approximately  three  re¬ 
ductions.  The  vendor  was  willing  to  proceed  with  the  fabrication 
of  wire  on  a  fixed  price  basis?  however,  the  order  was  not  placed  due 
to  Insufficient  time  remaining  on  the  present  contract  to  complete 
the  order,  and  the  results  of  the  structural  rigs  testing  which 
dictated  a  further  redesign. 

4.4  Material  Properties 

4.4.1  Tensile  Properties  of  Wire  and  Sheet 

During  Phase  I  of  the  program,  loi'X  temperature  tensile  tests  were 
performed  to  establish  the  notch  sensitivity  characteristics  at 
temperatures  varying  from  room  temperature  to  minus  320*^?  (Figure  10). 
The  material  used  was  .090**  heat  treated  sheet  material.  The  notched- 
to-iAnnotched  tensile  strength  ratio  ranged  from  .76  at  room  tempera- 
tiu'e  to  .34  at  minus  320°F.  Since  the  notch  sensitivity  character¬ 
istics  are  important  to  the  tape  wap  design,  it  was  decided  to 
continue  the  investigation  using  actml  wire  specimens  at  various 
strength  levels  and  at  various  stress  concentrations. 

The  tests  performed  were  run  at  room  temperature  with  specimens 
which  simulated  the  actual  wire.  It  can  be  seen  in  Figure  22  that 
the  notch  ratio  decreases  appreciably  as  the  ultimate  tensile 
strength  increases.  The  smooth  ultimate  tensile  strength  is  equal 
to  the  notched  ultimate  tensile  strength  at  approximately  170,000 
psi,  which  is  considerably  lower  than  the  strength  of  the  fully  cold 
worked  and  aged  tape.  The  specimens  which  produced  the  maximum 
ultimate  tensile  strength  were  taken  from  finished  rolled  and  aged 
channel  tape  and  the5^  produced  the  lovjest  notched  ultimate  tensile 
strength.  The  specimens  which  produced  the  lowest  ultimate  tensile 
strength  were  obtained  from  rectangular  tape  which  was  only  about 
Sfo  cold  worked  and  they  resulted  in  the  highest  notched  ultimate 
tensile  strength.  It  is  significant  to  note  that  the  results  show¬ 
ed  the  same  trend  whether  the  notch  concentration  factor  (Kt)  used 
was  five  or  ten.  The  specimens  with  the  notch  concentration  factor 
(K-t)  of  10  had  a  root  radius  of  .002”. 

During  the  studies  to  establish  the  notch  sensitivity  at  various 
length  levels,  it  was  necessary  to  heat  treat  the  specimens  in  vacuum. 
As  a  result  of  the  heat  treatments,  it  was  noticed  that  the  strength 
varied  with  the  degree  of  vacuum  used  during  the  heat  treat  operation. 
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^  ^  1  Tensile  Properties  of  Wire  aoid  Sheet  ( Continued ) 

A  subsequent  series  of  tests  were  performed  keeping  all  the  variables 
constant  except  the  degree  of  vacuum.  The  specimens  were  taken  from 
cold  worked  tape_and  heat  treated  at  700°P  in  air  and  vacuum  rang¬ 
ing  from  3  X  10"*^  TORE  to  10"°  TORS,  It  can  be  seen  from  Flg\n*e  23 
that  the  ultimate  tensile  strength  decreases  as  the  vacuum  increases. 
Based  on  the  data,  it  was  concluded  that  the  Increase  in  ultimate 
tensile  strength  was  partially  due  to  the  absorbed  gases  such  as 
hydrogen,  nitrogen,  and  oxygen.  It  was  also  apparent  that  the  re¬ 
duction  in  tensile  strength  was  accompanied  by  an  increase  in  ductility 
which  is  common  to  a  precipitation  strengthening  mechanism.  Prom 
these  results,  it  was  concluded  that  the  Titanium  outgassed  as  a 
result  of  the  vacuura  aging  which  presented  a  variable  which  would 
require  control  to  obtain  the  optimimn  combination  of  strength  and 
toughness  during  fabrication  of  tape. 

4.4.2  Coefficient  of  Prlction 

The  coefficient  of  static  friction  was  initially  established  dviring 
Phase  Ij  however,  subsequent  testing  of  rigs  and  actual  tapes  indica¬ 
ted  that  additional  tests  vrere  required  to  lnsia?e  that  the  design 
assumptions  viere  correct.  The  determination  of  the  effect  of  variables 
such  as  surface  finish,  load,  oxidation  and  cold  work  was  required  to 
insixre  that  the  design  would  perform  satisfactorily. 

A  new  friction  rig  was  designed,  to  establish  the  effect  of  these 
variables  (Plg-ures  45  and.  46).  The  rig  consists  of  a  top  and  bottom 
clamp  vjlth  grooves  cut  at  right  angles  to  each  other.  The  short 
specimens  iv'hich  are  2”  long  are  Inserted  in  the  grooves.  T’wo  addi¬ 
tional  wire  specimens  8”  long  are  Inserted  at  right  angles  to  the  two 
specimens  retained  in  the  groove.  The  rig  is  assembled.  I'Xith  the  use 
of  two  bolts  and  load  indicating  washers  which  are  inserted  under  the 
bolt  heads  to  record  the  total  clamping  load  on  the  specimens.  The 
load  was  applied  with  a  tensile  machine  through  the  8”  long  specimens. 
The  static  coefficient  of  friction  load  vras  obtained  by  the  load  drop 
indicator  on  the  ten-Sile  machine. 

The  friction  specimens  were  fabricated  by  cold  rolling  .123"  d.lameter 
B120  Titanium  v/ire  into  a  rectangular  shape  x^fhich  measured  .  083"  by 
.140"  The  rectangular  wires  were  than  heat  treated,  in  a  vacuuj.i  for 
25  hours  at  750®P-  The  surfcice  treatments  for  the  wires  included 
vapor  blasting,  acid  etchin,g,  and  as-rolled  surface  to  ascertain  the 
effect  of  the  surface  finish  upon  the  coefficient  of  friction.  The 
wires  imre  then  Installed  in  the  rig  and  pulled  in  opposite  directions 
to  establish  the  load  to  initiate  slippage.  The  clamping  force  was 
varied  to  determine  the  effect  of  the  load  on  the  coefficient  of  fric¬ 
tion.  The  results  of  these  tests  are  shown  in  Figure  18  for  both  heat 


29 


Wright  Aeronautical  Serial  Report  No.  MP. 00-249 


4,4.2  Coefficient  of  Friction  ( Continued ) 
treated  and  non-heat  treated  wire. 

4.4. 2.1  Effect  of  Load 

The  results  of  the  friction  tests  show  a  consistent  trend  toviard 
decrease  in  coefficient  of  friction  as  the  clamping  load  increases. 
This  decrease  is  felt  to  be  due  to  the  fact  that  at  the  higher  clamp¬ 
ing  loads,  the  effect  of  surface  finish  is  reduced  by  crushing  of  the 
asperities.  At  the  lovj  clamping  loads,  two  sliding  members  will  tend 
to  pick  up  at  the  asperities.  It  is  significant  to  note  that  the 
ma;iority  of  the  test  points  showed  a  coefficient  of  friction  greater 
than  .2135Vjhlch  is  the  tangent  of  the  design  angle  of  12°.  As 
previously  noted,  the  design  interlock  of  these  wires  vrill  only  be 
effective  when  the  coefficient  is  greater  than  the  tangent  of  the 
angle  of  the  interference  fit. 

4.4. 2. 2  Effect  of  Contamination 

To  establish  the  effect  of  surface  oxidation  and  contamination  on  the 
coefficient  of  friction,  several  of  the  specimens  were  heat  treated  in 
a  manner  to  provide  slight  surface  oxidation  to  the  specimens.  These 
specimens  were  tested  and  the  comparative  results  can  be  seen  in 
Figure  18.  I'Jhen  the  long  specimens  were  contaminated  and  run  in  com¬ 
bination  with  shorter  specimens  which  had  not  been  contaminated,  the 
coefficient  of  friction  dropped  to  .205.  When  all  four  specimens 
were  contaminated  the  coefficient  of  friction  dropped  to  .113.  Prom 
these  results  it  was  apparent  that  any  slight  contamina-tion,  even  to 
a  degree  that  is  not  apparent  on  the  surface  of  the  material,  could 
reduce  the  coefficient  of  friction  to  a  value  below  the  tangent  of 
t?ie  interference  angle.  These  results  explain  the  Inability  to  inter¬ 
lock  apparently  clean  specimens, 

4.4. 2. 3  Friction  Welding 

The  analysis  of  the  test  results  showed  that  there  were  two  distinct 
curves  for  the  heat  treated  wire,  both  having  approximately  the  same 
slope.  The  one  curve  X'las  for  specimens  that  were  found  welded  to¬ 
gether  upon  disassembly  of  the  rig  (Figure  4?).  When  the  wires 
slide  evenly  vrithout  welding  together,  they  fall  on  the  lower  curve. 
The  cold  welded  specimens  had  extensive  pick-up  and  galling,  VThile 
the  oxidized  specimens  slipped  evenly  and  showed  no  pick  up  or  galling. 
Further,  the  resvilts  showed  that  the  specimens  that  xvere  vapor  blasted 
and  etched  to  produce  a  clean  rough  surface  resulted  in  a  higher 
coefficient  of  friction, because  in  every  case  but  one  the  specimens 
welded  together.  In  all  three  cases,  where  the  non-heat  treated 
wires  were  used,  the  specimens  i\relded  together  and  produced  a  high 
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k.k.2.2)  Friction  Welding  (Continued) 

coefficient  of  friction  as  compared  to  the  wires  that  xrere  heat  treat¬ 
ed  and  did  not  weld  together. 

it  can  be  concluded  from  these  results  that  with  the  existing  design, 
the  interlock  should  be  achieved  if  the  interference  angle  is  held 
to  the  desired  tolerances,  and  that  necessary  precautions  are  taken 
to  avoid  any  oxidation  or  contamination  during  the  heat  treat,  vapor 
blasting,  and  vn’apping  of  the  vessel. 

4.5  Structural  Testing  of  the  Designs 

4. 5^1  Interference  Rig 

An  interference  rig  vias  designed  and  fabricated  to  evaluate  the  effect 
of  variances  in  interference.  The  purpose  of  the  tests  X'jere  to  de¬ 
termine  the  parameters  which  effect  the  stresses  in  the  tape.  Schem¬ 
atically  shorn  in  Figure  48  is  a  free  body  diagram  of  the  channel 
subjected  to  the  loads  resulting  from  the  interference  fit.  It  may 
be  seen  from  the  schematic  that  the  interference  fit  tends  to  clamp 
the  channel  flanges  and  prevent  rotation  during  axial  loading 
(pressurization).  The  design  of  the  rig  used  to  evaluate  these  stress¬ 
es  is  shorn  in  Figure  49.  A  cutaway  view  of  the  rig  with  the  load 
cell  washers  installed  is  shown  in  Figure  19 . 

The  channel  sections  of  the  rig  were  fabricated  from  B120VCA  titanium 
plate  to  ten  times  the  size  of  the  actml  cross-sectional  dimensions 
of  the  wire.  The  clamping  plates  which  simulate  the  I-beam  v;ere  also 
fabricated  from  B120VCA.  The  plates  are  bolted  together  to  produce 
the  interference  fit  under  varying  load  with  the  channel  section.  The 
hoop  restraint  which  is  present  in  an  actual  vessel  was  simulated  by 
transverse  clamping  which  could  be  varied  to  simulate  the  internal 
pressure  effects.  A  small  load  cell  v:asher  was  installed  under  each 
of  the  bolt  heads  which  clamped  the  rig  together.  The  washers  per¬ 
mitted  the  reading  of  the  clamping  loads  directly  instead  of  depending 
on  a  calculated  conversion  on  equivalent  torque. 

The  instrumentation  of  the  cha/nnel  sections  consisted  of  strain  gages 
in  the  areas  where  bending  would  occur.  The  effect  of  varying  the 
longitudina-1  clamping  loads  or  the  transverse  clamping  load  x*70uld  be 
evidenced  by  the  strain  g^ge  readings  as  to  the  effect  of  these 
various  loads  on  the  restraint  of  the  bending  of  the  channel.  If  the 
lor.gitudinal  clamping  load  was  insufficient,  the  two  specimens  would 
separate  and  bending  iTOuld  occur.  This  would  simulate  the  inter¬ 
ference  fit  between  layers.  The  load  cell  washers  were  also  monitor¬ 
ed  continuously  during  the  test  to  detect  any  physical  shifting  of  the 
specimens  v/hich  would  manifest  itself  as  an  increase  or  decrease  in 
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4.5.1  Interference  Ri;y  ( Continued ) 
the  values  indicated  by  the  load  cells. 

The  initial  test  on  the  rig  was  run  ^-Tith  a  2,3^0  lb.  longitudinal 
clamping  load  (simulating  Interference)  and  81  lbs.  transverse  clamp¬ 
ing  load  (simuD.ating  hoop  restraint). 

The  load  on  the  simulated  channels  v;as  slowly  increased  to  2,000  lbs. 

At  this  point,  it  was  observed  that  the  transverse  clamping  load  on 
each  of  the  bolts  had  increased  from  81  lbs.  to  290  lbs.  This  in¬ 
crease  indicated  that  the  specimens  were  not  interlocked  and  were 
riding  out  as  a  result  of  the  application  of  axial  load.  To  confirm 
the  lack  of  interlock,  the  transverse  bolts  were  removed  and  the  clamp¬ 
ing  load  was  applied.  This  experiment  again  resulted  in  riding  out  of 
the  channel  specimens.  The  channel  specimens  were  again  installed  and 
clamped  in  place  while  a  200  lb.  load  was  applied  to  the  clamping  bolt. 
Upon  removal  of  the  transverse  clamp  the  specimens  again  were  ob¬ 
served  to  ride  out.  The  test  was  repeated  with  a  2500  lb.  transverse 
clamping  load  and  upon  release  the  specimens  again  rode  out. 

After  repeating  the  above  test,  several  times,  the  contact  surfaces 
showed  signs  of  pick-up  and  galling,  and  the  specimens  no  longer 
rode  out.  The  specimens  were  Inspected  to  insiAre  that  the  radii 
of  the  specimens  had  not  Interfered  and  that  the  specimens  were 
sliding  only  on  flat  surfaces. 

Since  it  \'jas  impossible  to  get  the  specimens  to  friction  lock  until 
the  total  svirfaces  became  galled,  the  tests  Indicated  that  the  co¬ 
efficient  of  static  friction  of  these  Titanium  parts  must  be  less 
than  the  assumed  design  values.  Tlie  measured  angles  of  the  specimens 
x^rere  12°,  Since  the  design  analysis  shoxired  that  the  interlock  should 
be  effective  vfhen  the  tangent  of  the  angle  is  less  than  the  coefficient 
of  friction,  and  the  tangent  of  the  12°  angle  is  .213,  this  indicates 
that  the  coefficient  of  friction  must  liave  been  less  than  this  value. 
Visual  examination  of  the  pieces  showed  no  evi6.ence  of  contamination. 

The  analysis  of  the  resull.ts  of  the  interference  rig  testing  in  com¬ 
bination  with  the  results  of  the  effect  of  surface  finish  and  con¬ 
tamination  on  the  coefficient  of  friction  indicated  that  slight 
surface  contamination  in  combination  vrith  anneaD.ed  smooth  surface 
material  v/ere  responsible  for  the  lack  of  Interlock  on  the  rigs. 

Due  to  the  dama,ged  condition  of  the  contact  surfaces,  i.e.,  galling, 
no  rexTOrks  could  be  performed  to  increase  the  coefficient  of  friction. 
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4.5.2  Structural  Rig 

One  of  the  basic  considerations  in  the  design  of  the  tape  wrap  motor 
case  is  the  effect  of  the  interference  fit  on  the  strength  of  the 
tape  interlock,  prior  to  and  after  the  application  of  the  axial  load. 
The  maxim-urn  interference  is  determined  by  the  allowable  elongation  of 
the  material,  whereas  the  minimum  is  determined  by  the  design. 

When  a  tensile  load  is  applied  to  a  tape  interlock  assembled  with  a 
predetermined  press-fit,  the  transfer  of  load  across  the  joint  from 
the  channel  web  to  the  adjacent  web  has  been  assumed  to  be  accomplish¬ 
ed  by  the  relief  of  precompression  at  the  butted  faces  of  the  channel 
legs.  If  a  sufficiently  large  compression  exists  in  the  butted 
channel  legs,  there  will  not  be  a  bending  moment  at  the  intersection 
of  the  legs  and  web.  A  ten-times  size  model  was  designed  to  experi¬ 
mentally  prove  the  above  basic  concept,  and  to  evaluate  the  effects 
of  alternate  designs  and  several  Interference  fits  on  the  strength 
of  the  Interlock.  The  design  of  the  test  rig  is  shown  in  Figure  50. 

4.5’2,1  Pre-stress  and  Pre-strain 

When  the  channel  and  the  I-beam  wires  are  loaded  in  the  elastic  region, 
a  direct  relationship  between  the  strains  in  the  channel  legs  and  the 
I-beam  vieb  can  be  established  by  using  the  compatibility  of  the 
original  gage-point  width  of  the  combined  channel  legs  and  the  gage- 
point  separation  of  the  I-beam  legs.  The  resulting  equations  are: 


=  -2Ao]x.,(lch  ll  )  E 

(22) 

21lAch  +  Ich  A  I 

and  (f 3h 

=  Ai  dch  -  ii  )  s 

21lAch  +  Ich 

(23) 

(f  =  tensile  stresses  in  the  web  (psi) 

E  =  Young’s  modulus  of  elasticity  (15  x  10^  psi 

for  TiJ 

and  subscripts  ch  and  I  refer  to  the  channel  and  I-beam,  respectively. 

The  relationship  between  the  interference  fit  and  the  pre-strain  in 
the  I-beam  web  is  given  in  Figure  51>  for  titaniimi  with  a  0.2%  yield 
strength  of  180,000  psi  and  250,000  psi.  Based  on  the  180,000  psi 
yield  strength,  the  theoretical  strain  in  the  I-beam  web  having  in¬ 
terference  fits  of  0.012  in,  and  0.080  in.  are,  respectively,  1.5^ 
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4 . 5 . 2 . 1  Pre-stress  and  Pre-strain  ( Continued ) 
and  15.5.^. 

4 . 5 . 2 . 2  Behavior  of  Tape  Lock  Under  Load 

V/hen  tensile  load  is  applied  to  the  interlock,  the  pre  compress  ion  in 
the  cliannel  legs  is  gradually  relieved  so  as  to  maintain  the  equili¬ 
brium  of  the  channel.  If  the  Interlock  falls,  one  of  the  following 
conditions  must  occur: 

1,  The  applied  loads  have  stressed  the  channel  \*;eb  beyond  the  yield 
strength  of  the  material. 

2,  The  applied  loads  have  completely  relieved  the  precorapression  at 
the  back  of  the  channel  legs  so  as  to  cause  bending  of  the 
channel  at  the  intersection  of  the  web  and  the  leg,  thus  disen¬ 
gaging  the  joint  or  failing  the  channel. 

3 ,  After  the  relief  of  the  precompression,  the  applied  load  intro¬ 
duces  a  very  high  tensile  stress  in  the  I-beam  web  due  to  the 
’’wedge"  effect,  which  together  with  the  stress -raising  effect  of 
the  fillet  radius,  ruptures  the  web  section  of  the  I-beam. 

4,  The  combined  pre-strain  and  the  additional  strain  induced  in  the 
I-beara  vreb  as  the  result  of  the  axial  load  exceeds  the  elongation 
of  the  material. 

5,  The  frictional  forces  resisting  the  disengagement  of  the  channels 
from  the  I-beam  have  been  inadequate  to  hold  the  assembly  together. 

V/hen  the  assembl3'-  acts  under  idealised  conditions  and  fails  by  yield¬ 
ing  in  the  cliannel  vreb  imder  sinrole  tension,  the  test  rig  will  have  a 
t’rieoretical  inaxi’;mm  load  capacity  as  shovm  in  /.''igures  52. 


';truct).iral  Rir  -  (J^  28?19)  Test  Procedure 


The  structure  rig  is  a  ten  times  size  rig  which  X'las  designed  to 
evai.ur.te  the  inaximum  al.lowable  interference  fit  and  alternate  designs. 
The  blueprint  of  this  rig  can  be  seen  in  Pig^.ire  50*  "^he  details  that 
simulate  the  I-beam  and  clia.nnel  shapes  i^ere  rovigh  machined  from 
3120VC;i  titanium  jilate,  heat  tx’eated  to  180,000  psl  yield  strength 
and  then  final  machined.  Both  9®  and  12®  interface  angles  were  fabri¬ 
cates.  to  ascertain  which  v:ould  be  the  best  angle  to  use  in  the  finish¬ 
ed  vrlre.  Figure  24  is  a  photograph  of  the  rig,  loosely  assembled, 
and  Figure  53  is  an  exploded  viev?  of  the  titanium  parts. 
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^■5' 2. 3  Structural  Rig  -  (LS  28719)  Test  Procedure  (Continued) 

The  details  were  stress  coated  to  evaluate  the  distrlhution  of  stress¬ 
es  during  assembly  of  the  pieces.  In  determining  the  magnitude  and 
distribution  of  stresses  by  the  photo-stress  technique,  the  end  faces 
of  the  I-beam  and  channels  were  coated  with  a  plastic  sheet.  As 
the  load  was  applied  to  assemble  the  rig,  the  stresses  developed  in 
the  details  produced  a  corresponding  stress  pattern  In  the  plastic 
which  was  visible  when  viewed  through  a  polarized  screen.  The  stress 
patterns  shovjed  up  as  color  fringes,  and  by  knowing  the  type  and 
thickness  of  the  plastic  used,  the  magnitude  of  the  stresses  x^ras  com¬ 
puted  by  counting  the  niAmber  of  fringes. 

4. 5. 2. 3.1  Rig  Ho.  1 

The  first  rig  that  was  tested  had  12®  Interface  angles  and  an  Inter¬ 
ference  fit  of  .012”  which  corresponds  to  .0012”  Intei'ference  fit  In 
the  actual  X'llre  size. 

Figure  5^  shovrs  the  method  of  assembly.  Step  1  of  the  assembly  vras 
accomplished  successfully  at  a  load  (P)  of  13*750  lbs.  Figure  55 
Is  a  photograph  of  the  assembled  rig  shox'Jlng  the  photo-stress  pattern. 
Figure  56  Illustrates  the  stress  conditions  In  the  I-beam  as  deter¬ 
mined  from  photo-stress  evaluation  follov/ing  Step  1  of  the  assembly. 
The  displacement  of  the  neutral  axis  as  evidenced  by  the  stress 
evalixatlon  shovrs  considerable  bending  of  the  I-beam  during  this  step 
of  the  assembly. 

During  Step  2  of  the  assembly,  the  I-beam  failed  at  a  load  (P)  of 
11,000  lbs.  Figures  25  and  57  ai'©  photos  of  the  failure.  Stress 
conditions  at  the  time  of  failure  vrere  not  obtained. 

Due  to  the  brittle  nature  of  the  I-beam  failure,  it  x\Tas  decided  to 
anneal  a  geometrically  similar  test  rig  and  repeat  the  assembly. 

4, 5. 3. 2  Rig  Ho.  2 

The  ciiannels  and  I-beam  vrere  annealed  in  an  argon  atmosphere  at  l425°P 
for  one  hour  The  hardness  was  reduced  from  Rockv;ell  "C”  45  to 
Rockvrell  "C”  32. 

This  rig  was  successfully  assembled  as  shovm.  in  Figure  58.  All  four 
channels  x^ere  pressed  in  simultaneously  to  eliminate  the  excessive 
bending  of  the  I-beam  dviring  txfo  step  assembly  in  an  attempt  to  force 
the  I-beam  to  elongate  evenly.  Following  the  assembly,  strain  gages 
were  installed  to  measure  any  bending  of  the  channels  that  might 
occur  during  the  test.  If  either  the  pre compress ion  of  the  channel 
legs  is  relieved  or  the  coefficient  of  friction  is  less  than  the 
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^.5.3.2  Ri.g;  No,  2  (Continued) 

tangent  of  the  interface  angle,  the  channels  will  back  out  and  the 
strain  gages  will  shox'j'  bending.  The  rig  was  loaded  in  tension  in 
5000  lb.  increments  to  30,000  lbs.  when  the  interlock  failed  due  to 
bending  of  the  channels  which  caused  one  channel  leg  to  disengage  as 
shown  in  Figure  26.  Examination  of  the  strain  gage  data  taken  d\irlng 
the  test  (Figure  59)  Indicated  that  bending  of  the  channels  started 
at  very  lovj  loads  and  continued  until  failure  of  the  Interlock. 

Upon  inspection  of  the  rig  after  failure,  it  was  discovered  that  the 
interface  angle  surfaces  had  distorted  during  assembly.  With  the 
annealed  titanium,  the  material  flovjed  when  the  two  surfaces  came  in 
contact  Instead  of  sliding  on  one  another.  This  indicated  that  as 
the  channels  v:ere  forced  into  the  I-beam,  the  interface  angle  sur¬ 
faces  experienced  surface  deformation  Instead  of  elongating  the 
I-beam.  This  resulted  in  very  little  precompression  between  the 
channel  legs  and  the  channels  started  to  ride  out  as  soon  as  the 
tensile  load  xias  introduced  to  the  rig. 

It  vjas  concluded  that  the  lowering  of  the  tensile  strength  to  improve 
the  ductility  and  notch  sensitivity,  resulted  in  lovjering  the  com¬ 
pressive  yield  strength  below  the  design  requirement.  The  improve¬ 
ment  in  ductility  and  notch  sensitivity  cannot  be  obtained  by  fully 
annealing,  and  additional  tests  of  rigs  in  this  condition  were  dis¬ 
continued  . 

^•5-23-3  Rig  No.  3 

Rig  No,  3,  a  duplicate  of  Rig  No,  1,  was  Instrumented  with  both  photo¬ 
stress  plastic  and  strain  gages.  This  rig  was  successfully  assembled 
by  again  pressing  in  all  foun  channels  simultaneously  with  a  load  of 
24,000  lbs.  The  photo-stress  patteim  at  the  completion  of  assembly 
is  shovm  in  Figure  60.  Figure  6l  indicates  the  approximate  magnitude 
of  the  stresses  in  the  I-beam-  and  channels  after  assembly.  The 
compressive  stress  between  the  channels  was  calculated  as  44,000  psi. 
It  can  be  seen  in  Figure  6I,  that  the  photo-stress  does  now  show  any 
stress  pattern  in  the  channels.  This  is  due  to  the  fact  that  the 
plastic  is  cut  back  slightly  at  the  edge  to  be  sure  there  is  no  con¬ 
tact  of  plastic  during  assembly.  Figure  6l  does  shox'j  120,000  psi 
stress  in  the  coi'’ners  of  the  I-beam  after  the  details  were  pressed 
together.  These  stress  values  indicate  that  there  is  high  stress 
concentrations  in  the  radii,  and  that  the  I-beam  does  not  elongate 
unifortiL].y  as  was  assumed  for  the  original  stress  analysis,  v/hen  the 
tensile  load  was  applied  to  the  assembly,  the  I-beam  broke  at  16,200 
lbs.,  vihich  vras  far  belo'w  the  expected  valx-ie.  Figure  62  shovfs  the 
strain  gage  data  and  again  there  is  evidence  of  bending  in  both 
channels.  The  failure  of  the  I-beam  X';as  Identical  to  Rig  Wo.  1, 
which  can  be  seen  in  Figures  25  and  57* 
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4  5.2.3  4  Rig  No,  4 

Test  Rig  No.  4  consisted  of  a  9°  Interface  angle  with  a  .012"  inter¬ 
ference  fit.  All  four  channels  were  pressed  in  simultaneously  and 
the  I-beam  broke  at  a  load  (P)  of  40,000  lbs.  The  photo-stress 
showed  at  least  150,000  psi  at  all  four  radii  of  the  I-beam. 

4. 5. 2. 3. 5  Hipc  No.  5 

Test  Rig  No.  5  had  a  12°  interface  angle  with  a  .040"  interference 
fit.  All  four  elements  were  again  pressed  in  simultaneously  and  the 
I-beam  broke  at  a  load  (P)  of  37 » 000  lbs.  The  photo-stress  pattern 
was  almost  identical  to  Rig  No.  4,  showing  approximately  150,000  psi 
stress  at  the  radii  of  the  I-be8.m. 

4. 5. 2. 3. 6  Rip:  No.  6 

In  an  attempt  to  determine  the  effect  of  non-uniform  precompression. 
Rig  No.  6  consisted  of  a  reworked  9°  interface  angle  with  .012"  in¬ 
terference  fit.  The  rework  consisted  of  relieving  the  end  face  sur¬ 
faces  of  the  channels  that  butt  together.  This  means  that  as  the 
channels  are  forced  into  the  I-beam,  only  .093**  at  the  tips  of  the 
legs  of  the  normal  .340"  surface  is  touching.  This  rework  can  be 
seen  in  Figure  63.  The  three  layers  were  pressed  together  with  a 
load  (P)  of  45,000  lbs.  The  tensile  load  was  applied  to  the  rig  and 
the  I-beam  broke  at  7600  lbs.  The  strain  gage  data  is  shown  in 
Figure  64,  and  it  again  shows  evidence  of  bending  before  failure.  It 
was  confirmed  that  the  relief  on  the  ends  of  the  channel,  which  simu¬ 
lated  non-uniform  compression,  put  a  moment  on  the  I-beam  and  caused 
premature  failure. 

4.5  2-3.7  Rip:  No.  7 

Test  Rig  No,  7  utilized  a  9°  interface  angle  and  .012"  interference 
fit  with  a  .o4o"  brass  shim.  The  brass  shim  was  Installed  to  equal¬ 
ize  the  precompression  load  between  the  channel  legs.  The  rig  was 
assembled  with  a  load  (P)  of  45,000  lbs.  The  rig  was  then  Installed 
into  the  tensile  machine  and  pulled.  At  21,000  lbs,  two  of  the 
channel  legs  broke.  The  strain  gage  data  can  be  seen  in  Figure  65 
and  the  falliAre  photo  is  Figure  66. 

4. 5. 2. 3. 8  Rig  No.  8 

Test  Rig  No.  6  was  similar  to  Rig  No.  7  except  it  had  12°  interface 
angle  and  a  .012"  interference  fit  with  a  .040"  brass  shim.  The  rig 
was  assembled  with  a  load  (P)  of  37,000  lbs.  and  failed  at  the  exact 
same  tensile  load  of  21,000  lbs.  The  strain  gage  data  can  be  seen  in 
Figure  67. 
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4. 5. 2.4  Analysis  of  Test  Rig  Results 


Table  2  shows  a  summary  of  the  rig  tests.  The  results  in  Table  2 
indicate  that  the  tensile  loads  at  the  time  of  the  failvire  of  the 
rigs  fall  far  short  of  the  theoretical  full  capacity  of  the  rig  as 
given  in  Figure  52.  For  the  heat  treated  specimens  (180,000  psi  yield), 
only  25^  of  the  rig  capacity  was  obtained.  At  best,  a  50^  capacity 
was  obtained  with  the  annealed  material  (130,000  psi  yield)  in  Rig 
No.  2.  These  tests  reveal,  therefore,  the  importance  of  the  follow¬ 
ing  effects  on  the  actual  strength  of  the  rigs: 


(1)  The  magnitude  and  the  distribution  of  the  precompressive 
stresses  at  the  butted  channel  legs  prior  to  and  after 
the  application  of  the  axial  load. 


(2)  The  ductility  and  strength  of  the  material. 


4.5-24,1  Precompressive  Stresses 


One  of  the  factors  that  caused  the  decrease  in  the  capacity  of  the 
test  rigs  is  the  inability  of  the  rig  to  achieve  the  theoretical  pre¬ 
compression  based  on  a  predetermined  interference  fit.  From  equations 
(22)  and  (23),  for  an  interference  fit  of  0.012  in.,  the  computed 
tensile  stress  in  the  I-beam  and  the  precompression  in  the  butted 
channels  are  195*000  psi  and  127,000  psi,  respectively.  A  photo 
stress  study  of  Test  Rig  No.  3  indicated  corresponding  stresses  of 
90,000  psi  and  44,000  psi.  The  loss  in  the  precorapression  is  due  in 
part  to  the  distortion  of  the  channel  and  I-beam  interface  during 
assembly  and  to  the  insufficient  depth  and  rigidity  of  the  mating 
flanges . 


The  free-body  diagram  of  a  channel  vinder  an  assumed  uniform  precom¬ 
pression  is  shown  in  Figure  68  (a).  When  there  is  no  load  (Pp  =  0), 
P2  is  equal  to  P.  As  Pp  Is  gradually  increased,  the  precompression 
(P2)  is  relieved  such  that  at  the  back  of  the  channel,  the  total  load 
becomes  P2  -  Pi.  Under  this  loading  condition,  the  basic  equilibrium 
condition  does  not  change,  or  (P2  -  Pi)  +  Fp  =  F. 


The  relief  of  the  precompression  consists  of  two  parts,  a  uniform 
stress  reduction  (Pp)  and  a  triangular  flexural  stress  reduction 

Figure  68  (b)  shox>rs  graphically  the  stress  distributions. 


When  Fi  +  M  at  point  a  (Figure  68)  in  the  channel  is  equal  to  the 

precompression  stresses  F2,  the  butted  channel  begins  to  lose  pre- 

"T 
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compression  and  point  a  of  the  two  channels  tends  to  separate  (Figure 
72c).  At  this  stage,  ^he  channels  may  be  assumed  to  bear  against 
each  other  at  point  b,  causing  a  ••vjedging"  effect  and  introducing  a 
relatively  large  load  P*  on  the  I-beam, 

Based  on  the  method  described,  Test  Rig  No.  3  was  stress  analyzed. 

The  precompression  at  the  back  of  the  channels  is  taken  as  44,000  psi 
per  photo  stress  analysis.  The  results  are  as  follov;s: 

For  separation  at  point  (a);  Pi*  =  5»260  lbs. 

P  =  21,000  lbs. 

For  wedging  action;  Pi*  =  2,800  lbs. 

P*  =  5,250  lbs. 

VJhen  the  t*ig  failed  at  2  (Pi  +  Pi*  )  =  16,120  lbs.,  the  tensile  force 
in  the  I-beam  =2  (P  +  p» )  or  =  52,500  lbs.  The  tensile  strength  of 
the  I-beam  Is  equal  to  180,000  psi  x  0.465  in. 2  =  83,500  lbs.  Since 
the  tensile  force  in  the  test  rig  is  less  than  the  allovrable  tensile 
strength,  the  failure  of  the  I-beam  at  the  intersection  of  the  web 
and  the  leg  is  due,  in  part,  to  the  stress-raising  effect  of  the 
sharp  fillet  radius  at  the  intersection.  A  detailed  discussion  of 
this  effect  will  be  presented  in  the  next  section. 

Test  Rig  No,  6  vjas  reworked  to  provide  the  maximum  non-uniform  stress 
distribution  at  the  butted  channel  by  relieving  a  portion  of  the  con¬ 
tact  surface  The  detrimental  effect  of  this  non-uniform  stress  con¬ 
dition  was  confirmed  by  the  rig,  as  evidenced  by  the  failure  at 
7,200  pounds  axial  load.,  Test  Rigs  Nos.  7  and  8  included  brass  shims 
betvjeen  the  butted  channel  faces  to  more  uniformly  distribute  the 
load  and  to  evaluate  the  alternate  design,  mentioned  previously, 
v/hich  uses  a  soft  metal  insert. 

The  failure  of  Test  Rigs  Nos.  7  and  8  at  the  intersection  of  the  web 

and  leg  may  be  explained  as  follov/s:  The  0.040“  brass  shim,  which 

is  relatively  soft  as  compared  to  the  heat  treated  titanium  causes  a 
decrease  in  precompression  so  that  the  wedging  effect  shown  in 
Figure  68  (c)  took  place  shortl3/  after  the  applied  load  was  increased. 
As  the  point  (b)  in  the  channel  is  displaced  outward,  a  large  bending 
moment  is  introduced  at  the  web  section  of  the  channel.  This  moment 
is  increased  further  due  to  stress-raising  of  the  fillet  radius. 

Since  the  channel  web  thicloiess  (0.155  in.)  is  or0.y  half  of  the  I-beam 
vreb  thickness,  and  since  the  bending  stress  varies  inversely  as  the 

square  of  the  thickness,  the  channel  vreb  failed  in  flexur’e.  It  must 

be  noted  that  had  the  material  been  more  ductile,  the  high  bending 
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stress  would  be  redistributed  by  yielding,  and  a  much  higher  axial 
load  would  have  been  achieved  prior  to  fallxire,  such  as  occurred  with 
Rig  No.  2,  which  was  annealed. 

The  outi^rd  displacement  of  point  (b)  In  the  channel,  as  previously 
described,  was  visually  observed  diirlng  the  test. 

4. 5.2.4. 2  Ductility  of  Material 

As  previously  described,  the  failure  of  the  I-beam  In  Test  Rig  No.  3 
was  attributed  to.  In  part  by,  the  stress-raising  effect  of  the  radius. 
In  order  for  the  rig  to  fall,  the  stress  concentration  factor  (SCP) 
should  be  equal  or  greater  than  83^500  =  1.6,  Figure  69  shows  a 

^,500 

theoretical  SCP  vs.  fillet  radius  curve  for  a  T-head  which  Is  similar 
to  the  I-beam  used  In  the  rig.  For  a  fillet  radius  of  0.015  -  0.020 

In.  as  used  In  the  rig  (Figure  70),  the  theoretical  SCP  ranges  from 

5.5  to  6.6.  It  Is,  therefore,  very  likely  that  the  actual  SCP  In  the 

I-beam  was  greater  than  the  1,6  required  to  fall  the  member.  This 
belief  Is  further  reinforced  by  the  fact  that  for  a  similar  rig  (Test 
Rig  No.  2)  with  annealed  material  having  a  strength  In  the  I-beam 
approximately  72^  of  that  of  the  heat  treated  Rig  No.  3>  the  tensile 
load  v;as  30,000  lbs.  which  is  greater  than  the  16,200  lbs.  obtained 
in  Test  Rig  No-  3. 

From  Figure  73 j  the  theoretical  SCP  may  be  reduced  from  5-5  to  3*0, 
if  the  fillet  radius  is  increased  from  0.015  In.  to  approximately 
0  050  in-  It  is  also  of  interest  to  note  that  the  effect  of  in¬ 
creasing  the  M  ratio  from  1,27  to  3-0  will  not  reduce  the  SCP  appre- 
d 

ciably  Therefore,  the  cross-section  of  the  I-beam  web  in  the  present 
design  appears  adequate. 

The  failure  of  the  Test  Rig  No.  4  during  assembly,  using  a  0.040  in. 
interference  fit,  is  due  to  the  lack  of  the  ductility  of  the  material 
to  relieve  the  stress  concentration.  As  indicated  In  Figure  51j  ^ 

0.040  interference  fit  would  require  a  material  having  an  allovrable 
strain  of  6.?;^.  Obviously,  for  the  present  rigs,  the  heat  treated 
TitaniutA  material  has  a  ductility  much  less  than  this  value;  hovjever, 
the  annealed  material,  vjhlch  has  the  ductility,  does  not  have  suf¬ 
ficient  compressive  strength  to  withstand  the  assembly  loads.  Based 
on  this,  the  maximum  usable  strength  of  the  material  would  be  between 
the  two  strength  levels. 
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4. 5. 2.4. 3  Conclusions  from  Rig  Tests 

The  following  conclusions  may  be  dram  from  the  experimental  results 
of  the  test  rigs: 

(1)  The  introduction  of  a  brass  shim  between  the  channels 
reduces  the  precompression  and  does  not  eliminate  the 
high  bending  stress  in  the  web  section  of  the  channel. 

(2)  The  efficiency  of  the  tape-lock  using  the  principle 
of  Interference  fit  is  dependent  largely  on  the 
ductility  of  the  material, 

(3)  The  precorapresslon  at  the  butted  faces  of  the  channels 
in  the  present  design,  using  a  0.012"  interference  fit, 
is  not  sufficiently  large  to  relieve  the  theoretical 
maximum  tensile  force.  The  remedies  for  this  deficiency 
are  (a)  increasing  the  interference  fit  and  (b)  increasing 
the  depth  and  rigidity  of  the  channel  flanges.  Case  (a) 
xvill  require  an  increase  in  the  ductility  of  the  material 
and  case  (b)  will  Increase  the  weight  of  the  overall  de¬ 
sign, 

(4)  The  lov;  ductility  of  the  fully  heat  treated  material  in¬ 
troduces  high  stress  concentrations  at  the  fillet  radii 

of  the  I-beam  and  channels  causing  failures  of  the  members 
both  during  assembly  (0.040‘*  interference  fit)  and  under 
increasing  load.  Increase  in  ductility  of  material  is  re- 
c[ulred.  Otherx'^lse,  the  thicicness  of  the  I-shank  and  fillet 
radii  of  the  I-beam  and  the  channel  should  be  increased. 

Assuming  that  the  ductility  of  the  heat  treated  titanium  cannot  be 
satisfactorily  increased  without  resulting  in  compressive  yielding, 
a  proposed  wire  design  that  will  meet  the  above  requirements  and  in¬ 
crease  the  capacity  of  the  unit  is  shown  in  Figure  27.  A  comparison 
of  weights  betl^reen  the  titanium  tape-mapped  motor  using  this  revised 
design  and  the  monolithic  motor  using  high-strength  steels  such  as  the 
Ladlsh  d6  and  18,^  nickel  is  shown  in  Figure  71.  The  T»ieight  savings 
for  the  250,000  psi  Ti  motor  casings  are  26%  and  9.4,^,  respectively, 
over  the  d6  and  18/^  Ni  designs.  Hoxsrever,  for  180,000  psi  titanium 
material,  there  is  no  weight  advantage  in  the  tape-wrapped  motor  de¬ 
sign,  Redesigning  for  the  use  of  high  strength  steel  materials  would 
make  the  fabrication  problem  even  more  difficult  as  a  result  of 
smaller  size  tape  and  closer  tolerances  due  to  the  higher  modulus  of 
elasticity. 
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12®  ANGLE  -  .012“  INTERFERENCE  FIT 
ANNEALED  MATERIAL 
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3  ASSEMBLY 


TAPE  WRAP  INTERFERENCE  RIG.  NO.  3 
PHOTO-STRESS  VALUES  AFTER  ASSEMBLY 


NOTE-  STRESS  VALUES  ARE  IN  P.S.I. 
+ DENOTES  TENSION 
-DENOTES  COMPRESSION 


FIGURE  6l 


TAPE  WRAP  INTERFERENCE  TEST  RIG  NO.  3 
12**  INTERFACE  ANGLE  -  .012"  INTERFERENCE  FIT 


© 
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RESULTS:  I  BEAM  BROKE  AT  16,200  LBS 


PIGUHE  62 


TAPE  WRAP  INTERFERENCE  TEST  RIG  NO.  8 
12*  INTERFACE  ANGLE 

.012"  INTERFERENCE  FIT  WITH  .040"  BRASS  SHIM 


RESULT ••  BOTH  CHANNELS  BROKE  AT  21,000  LBS 


FREE  BODY  DIAGRAM 


F=  a  N 

(a) 

U)  =  WIDTH  OF  SPECIMEN 


Pa  P,  6P|d| 


PRECOMPRESSION  PRIOR 
TO  APPLICATION  OF  P. 


RELIEF  OF  PRECOMPRESSION  AFTER 
APPLICATION  OF  LOAD 


STRESS  CONCENTRATION  FACTOR 


T-HEAD  STRESS  CONCENTRATION  FACTOR 


RADlUSr-  (INCH) 


FIGURE  69 


FIGURE  70 


WEIGHT  COMPARISON  OF  TAPE  WRAPPED  AND  CONVENTIONAL  MOTOR  CASINGS 


(B)  Tl  Y.S.=  180,000  PSI 

(I)  WEIGHT  SAVING  OVER  CYLINDRICAL  SECTION  OF  LADISH  D6  OR  18%  NICKEL  MOTOR  =  NONE 


TABLE  1 


Change  In  Tape  Dimensions  Due  to 
Curvature  of  6  Inch  Diameter  Vessel 


Detail _  A<^  (in)  A  h  (in) 

Phase  1  Channel  +3.05  x  10“^  -0.25  x  10“ 

Phase  1  I-beam  +0.49  x  10“^  +0.61  x  10“ 

Phase  2  Chanjiel  +3.^0  x  10”^  -0.34  x  10“|^ 

Phase  2  I-beam  +0,45  x  10“^  +0,9^  x  10“^ 


SUI'IIiARY  OP  TEST  RIGS  -  WIRE  WRAP  I-'OTOR 
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COMPATIBILITY  EQUATIONS  AT  ELASTIC  CENTER 
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